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INVESTIGATIONS OF AMINO ACIDS, PEPTIDES, AND 
PROTEINS 
XXVI. THE DETERMINATION OF METHIONINE IN PROTEIN 
HYDROLYSATES WITH LACTOBACILLUS FERMENTI 36* 


By MAX S. DUNN, MERRILL N. CAMIEN, 8. SHANKMAN, anp 
HARRIETTE BLOCK 


(From the Chemical Laboratory, University of California, Los Angeles) 


(Received for publication, December 3, 1945) 


It has been shown that methionine is essential or is accessory for the 
satisfactory growth of Lactobacillus casei (2), Lactobacillus arabinosus 17-5 
(3-8), Leuconostoc mesenteroides P-60 (9), and Lactobacillus fermenti 36 
(10), and the determination with Lactobacillus arabinosus of methionine 
jn.a mixture containing eleven amino acids has been described by Shank- 
man, Dunn, and Rubin (4). The determination of methionine in protein 
hydrolysates with Lactobacillus fermentt 36, Leuconostoc mesenteroides P-60, 
and Lactobacillus arabinosus 17-5 is described in this paper. 


EXPERIMENTAL 


The assay technique described in Paper XXV (1) was employed. The 
following basal media were utilized for the growth of the microorganisms: 
Lactobacillus fermenti, that given in Paper XXIV (10), Leuconostoc mesen- 
teroides, essentially that given in Paper XVIII (9), and Lactobacillus 
arabinosus, essentially that given by Shankman (3). The total volume 
in each tube (4 inch) was 3 ml. All of the solutions were adjusted to the 
same concentration of sodium chloride to compensate for any stimulatory 
or inhibitory salt effects. The standard was run at fourteen levels up to 
28 y of the amino acid, the amino acid test mixtures and protein hydroly- 
sates were run at five levels, and six tubes were employed at each level of 
sample and standard. The contents of the six tubes at each level were 
mixed and titrated and the average titration value was calculated from 
these data. 

It was found that d(+-)-methionine was completely inactive in promoting 
growth, either of Leuconostoc mesenteroides or Lactobacillus arabinosus. On 
the other hand, it stimulated the growth of Lactobacillus fermenti to an 


* For Paper XXV in this series see Dunn et al. (1). This work was aided by grants 
from the American Home Products Company, Merck and Company, Inc., the Nutri- 
tion Foundation, Inc., Schering and Glatz, and the University of California. The 
subject matter of this paper has been undertaken in cooperation with the Quarter- 
master Corps Committee on Food Research. 
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extent entirely comparable to that exhibited by the /(—) antipode. [t 
appears that this response of Lactobacillus fermenti to both optical isomers 


TasBLe | 
Assay of Methionine in Amino Acid Test Mizture 1* (dl-Methionine 
Content 4.81 Per Cent) 


di-Methionine di-Methionine 





Am cid di-Methionine . : : » 
mlasuse pet tebe guenenh gor eae Titration volume found per tube recovered 

7 ; ri al a ¥ pu. per cent — 
84.4 4.06 4.09 4.11 101.2 
168.8 8.12 6.70 8.00 98.5 
253.1 12.18 8.40 12.40 101.8 
337.5 16.24 10.02 16.29 100.3 
421.9 20.30 11.81 20.40 100.5 
Di cdbiskensekanenw es einen cages tnsedaee 100.5 





that given in a previous paper (1). The basal medium (Medium C, Table I, Paper 
XXIV (10)) and 2 day incubation at 35° with Lactobacillus fermenti were employed. 

+t The solutions of six replicate tubes at each level of sample were mixed and 
titrated with 0.105 n NaOH. 


TaBLe II 


Assay of Methionine in Amino Acid Test Mizture 2* (dl-Methionine 
Content 0.42 Per Cent) 








dl-Methionine dl-Methionine 





Amino acid dl-Methioni . : 
mnlatuse per tube pounent por tebe Titration volumet found per tube recovered 
i Y | aa - ei ae al a . / 7 per cent . 

960 4.00 4.01 4.00 100.0 

1920 8.00 6.61 7.89 98.6 

2880 12.00 8.50 12.62 105.2 
3840 16.00 9.92 16.06 100.4 

4800 20.00 11.59 19.82 99.1 
Average. + 100.7 


* The composition of the test mixture was the same as that given in a previous 
paper (1). The basal medium (Medium C, Table I (10)) and 2 day incubation with 
Lactobacillus fermenti were employed. 

+ The contents of six replicate tubes at each level of sample were mixed 
and titrated with 0.105 n NaOH. 


of an amino acid is a unique property of microorganisms not hitherto re- 
corded in the literature.! The titrations at fourteen levels of methionine 


1 It has been reported by Dunn et al. (11), Hac (quoted by Lyman et al. (12)), 
Lyman et al. (12), Lewis and Olcott (13), and Hac et al. (14) that d(—)-glutamic acid 
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Tas.e III 


Assay of Methionine in Amino Acid Test Mizture 3* (dl-Methionine 
Content 1.65 Per Cent) 











ino acid il-Methioni | . , ’ di-Methioni il-Methioni 
.-. per tube ound ner tube Titration volume a per tobe . ae” 
~~ 7 7 Y mi! * " Y a cent 7 
125.3 2.07 3.72 1.96 94.7 
250.6 4.14 5.49 4.20 101.5 
376.0 6.21 7.81 6.35 102.3 
501.3 8.29 9.90 8.25 99.5 
626.6 10.36 12.20 10.54 101.7 
Average eer rs bee 99.9 





* The composition of the test mixture simulating that of silk fibroin was the same 
as that given in a previous paper (1). The basal medium (Medium C, Table I (10)) and 
2 day incubation with Lactobacillus fermenti were employed. 

t The solutions of six replicate tubes at each level of sample were mixed and 
titrated with 0.105 n NaOH. 





TaBLe IV 
Assay of Methionine in Casein Hydrolysate* 











Hydrolyzed casein per ss 
tube ‘moisture and Titration volumet —a Methionine in casein 
j 
a mi. Y per cent 
149.2 4.25 4.40 2.95 
298.4 7.31 9.40 3.15 
447.6 9.10 14.00 3.13 
596.7 10.68 17.72 2.97 
745.9 12.40 21.90 2.93 
neniiiaiaiaiaaent SEE 
SS, FT ER SS ae ee 3.03 





* The basal medium (Medium C, Table I (10)) and 2 day incubation with Lacto- 
bacillus fermenti were employed. 

t The solutions of six replicate tubes at each level of sample were mixed and 
titrated with 0.105 n NaOH. 


in tubes containing from 2 to 28 y of methionine per tube averaged 3.5 per 
cent higher volumes of standard base for the dl- than for the 1(—)-methio- 


promoted the growth of Lactobacillus arabinosus, although the d(—) antipode ap- 
proached activity equivalent to that of the /(+) isomer only at high concentration. 
Stokes and Gunness (15) found that d(—)-aspartic acid exhibited essentially the 
same type of activity in promoting the growth of Lactobacillus delbriickii. 
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nine. Since an analytically pure grade of di-methionine was employed, 
it appears probable that the /(—)-methionine (obtained through the 
courtesy of the A. E. Staley Manufacturing Company, Decatur, Illinois) 


TaBLe V 
Recovery of Methionine Added to Casein Hydrolysate* 





Hydrolyzed casein Methionine 
per tube (moisture- | ___ a 




















and ash-free) In casein per tubet Added per tube | Found per tube Rassitied 
Y Y } Y ¥ per cent 
74.6 2.26 2.00 4.30 102.0 
149.2 4.52 4.00 8.50 99.5 
223.8 6.78 6.00 13.05 104.5 
298 .4 9.04 8.00 16.92 98.5 
373.0 11.30 10.00 20.95 96.5 
0 ES ee ee See ys 100.2 


* The sample was prepared to contain 10.0 y of methionine per ml. and 373.0 y 
of moisture- and ash-free casein per ml. Volumes from 0.20 to 1.00 ml. were taken 
for the assays. The basal medium (Medium C, Table I (10)) and 2 day incubation 
with Lactobacillus fermenti were employed. 

+ Estimated on the basis of the 3.03 per cent of methionine in casein given in 


Table IV. 





TaBLe Vi 
Assay of Methionine in Silk Fibroin Hydrolysate* 








sy Titration volumet Methionine found Methionine in silk 
- and ash-free per tube fibroin 
. 4 | 





Y mil. Y per cent 





1881 | 3.90 | 2.80 0.149 
3763 4.81 | 5.10 0.136 
5644 5.91 | 7.75 0.137 
7526 | 7.30 10.48 0.139 
9407 9.02 13.30 0.141 
kd cetvectous ne ee ; 0.140 








* The basal medium (Medium C, Table I (10)) and 2 day incubation with Lacto 
bacillus fermenti were employed. 
t The solutions of the six replicate tubes at each level of sample were mixed and 


titrated with 0.105 n NaOH. 


contained several per cent of inactive material. The titrations in the 
experiments with Leuconostoc mesenteroides at fourteen levels of methionine 
in tubes containing from 1 to 14 y of methionine per tube were the same 
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(within +1.1 per cent) for di-methionine and half the quantities of 1(—)- 
methionine. The titrations in the experiments with Lactobacillus 
arabinosus at ten levels of methionine in tubes containing from 1 to 12 y of 
methionine per tube averaged 2.2 per cent higher volumes of standard base 
for the di- than for half the quantity of /(—)-methionine. 

The casein, the silk fibroin, and the hydrolysis procedure were the same 
as those described in Paper XVII (11). The experimental data are given 
in Tables I to X. 
































TaBLe VII 
Recovery of Methionine Added to Silk Fibroin Hydrolysate* 
Hydrolyzed silk Methionine 
fibroin per | —— 
sture- and | 1 Chen: 
a } ea Added per tube Found per tube | Recovered 
¥ ; ¥ a y y | per cent 
941 1.32 2.00 3.50 | 109.0 
1881 2.63 4.00 6.72 102.2 
2822 3.95 6.00 9.60 | 94.2 
3763 5.27 8.00 13.40 101.6 
4704 6.58 10.00 15.88 | 93.0 
EE ss uci sak wis cet ple Rhee SRR oes Gib Gaels Aenean | 100.0 





* The sample was prepared to contain 10.0 y of methionine and 4704 y of moisture- 
and ash-free silk fibroin per ml. Volumes from 0.20 to 1.00 ml. were taken for the 
assays. The basal medium (Medium C, Table I (10)) and 2 day ineubation with 
Lactobacillus fermenti were employed. 

t Estimated on the basis of the 0.140 per cent of methionine in silk fibroin given in 
Table VI. 


DISCUSSION 


It has been found that methionine could be determined most accurately 
by incubating Lactobacillus fermenti 36 inoculum (diluted with a volume 
of sterile saline 3 to 9 times that of the medium from which it was centri- 
fuged) for 2 days at 35° in a basal medium of the composition of Medium C, 
given in Table I, Paper XXIV (10). Under these conditions, the average 
mean deviation from the mean values (all mean values at five levels of each 
sample) was about 2.5 per cent for three amino acid test mixtures which 
contained 4.81, 1.65, and 0.42 per cent dl-methionine, respectively (see 
the data under preferred conditions in Table VIII). On the whole, the 
recoveries of methionine from the amino acid test mixtures were less 
satisfactory with Lactobacillus fermenti, Leuconostoc mesenteroides, and 
Lactobacillus arabinosus under the other conditions shown in Table VIII. 
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TasLe VIII 


Summary of Recovery Data for Methionine from Amino Acid Test Mizture* 


— a a - —_.. 


Amino acid test mixture N« 


1 2 3 


Lactobacillus fermenti; preferred conditionst 


per ceni per cent per enti 
A.pv.t 2.4 2.7 2.6 
Range§ 96 .9-105.0 95.8-103.8 98 .2-103.3 
Mean 101.4+1.7 (13 100.6+1.7 (10 100.6+1.0 (6 
Lactobacillus fermenti; all other conditions€ 
A.D 3.3 3.5 2.8 
Range 95.0-116.2 98 .1-117.5 92.0-119.0 
Mean 103.3 + 3.1 (13 103.4+ 3.6 (13 102.5+3.5 (9 
Leuconostoc mesenteroides** 
A.D. 4.5 9.3 5.8 
Range 89.5-113.0 83.6-118.6 86.0- 99.8 
Mean 96.6 + 4.0 (6 99 .3212.8 (3 93.32+4.9 (3 
Lactobacillus arabinosustt 
A.D. 4.0 5.8 3.4 
Range 98 .3-108 .2 103 .9-111.9 103 .4-117.0 
Mean 104.4+4.1 (3 107.2+ 3.1 (3 108.1+6.0 (3 


* The amino acid test mixtures were the same as those referred to in Tables I, 
II, and III 

+t The basal medium (Medium C, Table I, Paper XXIV (10 The inoculum was 
diluted with a volume of sterile saline 3 to 9 times that of the medium from which it 
was centrifuged. The incubation time was 2 days. 

t Average mean deviation from the mean of the values at the five levels of the 
sample 

§ Range of all assay values 

Mean assay value + its mean deviation from the mean. The figures in paren- 

theses denote the aumber of assays 

{ The concentration of total amino acids in the basal medium varied from 1 to 2 
times that referred to above (+), the incubation times varied from 1 to 3 days, and the 
dilution of inoculum suspension varied from 1:1 to 1:27. Seven sets of conditions 
were employed 

** The basal medium was the same as that given in Paper XVIII (Medium D, 
Table I) (9) except that the concentration of total amino acids was 1.33 times that 
given in the table. The incubation time was 5 days 

tt The conditions were the same as those given above (t+) except that the incuba- 
The composition of the basal medium was the same as that 


tion time was 3 days. 
reported by Shankman (3) except that the higher vitamin levels given in later papers 
from the authors’ laboratory were employed and cysteine hydrochloride was sub- 
stituted for cystine at about half the equivalent concentration stipulated by Shank- 
man. High blank titration values were observed at higher concentrations of 
cysteine 
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TaBLe IX 


Summary of Protein Assay and Recovery Data* 


Methionine in casein Methionine in silk fibroin 


Found Recoveredt Found Recoveredt 








Lactobacillus fermenti; preferred conditions 


























i per cent per cent per cent per cent 

A.D. 0.09 4.4 0.005 7.2 

Range | 2.87 - 3.13 88.7 - 103.5 0.128 - 0.140 95.2 - 107.8 

Mean | 3.01 + 0.07 (7) 97.8 + 4.0 (7) 0.136 + 0.003 (6) 100.9 + 3.7 (5) 

Lactobacillus fermenti; all other conditions 

ap. | 0.12 2.9 0.006 3.9 

Range | 2.83 - 3.19 96.6-105.4 0.126 -— 0.153 62.5 -— 107.0 

Mean | 2.96+90.08(10) 100.2 +2.6 (10) | 0.139 +0.006(10)' 89.9 + 8.4 (9) 
Leuconostoc mesenteroides 

A.D. 0.14 4.1 0.011 §.2 

Range | 2.69 - 3.06 88.4 - 99.4 0.103 - 0.134 84.2 -— 123.2 

Mean | 2.84 + 0.15 (3) | 95.2 + 4.5 (3 0.115 + 0.013 (3) 101.8 + 14.3 (3) 
Lactobacillus arabinosus 

A.D. 0.11 3.4 0.005 , 

Range | 2.74 - 3.08 105.4 — 106.0 0.119 -— 0.135 106.2 -— 119.4 

Mean | 2.93 + 0.13 (3) | 105.7 + 0.2 (3) 0.127 + 0.005 (3) 112.5 + 4.6(3) 





* The conditions described in the foot-notes to Table VIII were employed. The 
percentages of casein and silk fibroin designated as ‘‘found”’ refer to the moisture- 
and ash-free proteins. 

t See foot-note 2 of the text. 


The assay values for methionine in casein and in silk fibroin agreed 
closely and the recoveries? of methionine from the acid hydrolysates of these 
proteins did not deviate markedly from 100 percent. The determination of 


* Recoveries were calculated, as shown in Paper XXV (1), on the basis of the pure 
amino acid added to an aliquot of the protein hydrolysate. Deviations from 100 
per cent calculated on this basis are approximately twice those calculated on the 
basis of the sum of the amino acid added and that found by assay to be present in the 
aliquot of the hydrolysate when the quantity of the amino acid derived from both 
sources is approximately the same. Recovery percentages calculated by the latter 
method have been reported by Stokes et al. (39) and they may have been calculated 
in this manner by other workers. The former procedure is preferred by the present 
authors, since it provides a more rigorous test of the accuracy of microbiological 


methods. 
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methionine with Leuconostoc mesenteroides and Lactobacillus arabinosus 
was considered to be less dependable than that with Lactobacillus fermenti 


TaBLeE X 
Per Cent of Methionine in Casein* (Literature Values) 





ee 





Methionineft Bibli hi 
‘ - ibliographic 
Hydrolysis procedure Analytical method SEE reference No, 


Range Average 





per cent per cent 
Concentrated HI; reflux 5-15 Volatile iodide 2.6-3.5 3.2 | (22-27) 
hrs. with and without N; | 
Concentrated HI; reflux 6 hrs. | Homocysteine 2.9-3.1 3.1 | (24, 28-30) 
with and without N; 
6-7 n HCI; reflux 6-10 hrs. at | Colorimetric 2.7-3.7t | 3.3 | (31-34) 
temperature up to 135° 
6 N HCI; reflux 7 hrs. | Periodide titration | 2.8,2.9 | 2.8 | (35) 
Concentrated HI; reflux 18 hrs.| Gravimetric (cu- 3.1 | (36) 
prous mercaptide | 
of homocysteine) | 
7 N HCI; reflux 24 hrs. H;,0.-HCIO, oxida- | 2.8-2.9 2.8 | (37) 
tion 
Differential oxida- 2.9 | (38) 
tion 
10% HCl; reflux 5-10 hrs. at | Microbiological§ 2.6 | (39) 
121° 


* In ten cases the source of the casein samples was not given. Five of the casein 
samples were Labco, four Harris, three Van Slyke, two Hammarsten, one Sheffield, 
and one Difco. All of the caseins were corrected for moisture or moisture and ash or 
calculated to 16 per cent nitrogen. 

t From 0.06 to 1.4 per cent of methionine has been isolated from casein as the mer- 
curic sulfate or acetate complex (16-21). 

t The values, 4.7 and 4.9 per cent, given by Block and Bolling (31) have been 
omitted. 

§ Methionine determined with Streptococcus faecalis. 








because of the relatively high deviations from the mean of the recoveries 
from the amino acid test mixtures and the protein hydrolysates. It is not 


* Since it has been reported (3) that there may be two strains of Lactobacillus 
arabinosus which have been employed for assay purposes, experiments were performed 
to determine whether or not cultures of this organism would respond similarly to 
methionine. The recoveries of methionine from an amino acid test mixture simulat- 
ing the composition of casein averaged 102 (95 to 107) per cent with cultures of L. 
arabinosus 17-5 including those obtained from the American Type Culture Collection 
(one carried for a few months and one for 3 years on yeast-dextrose agar in 
the authors’ laboratory), the Western Regional Research Laboratory (Albany, 
California) through the courtesy of Dr. J. C. Lewis, and the Agricultural and 
Mechanical College (College Station, Texas) through the courtesy of Dr. C. M. 
Lyman. It appears probable, therefore, that the four cultures were the same strain 
of L. arabinosus. 
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improbable, however, that assays of higher dependability could be made 
with these microorganisms provided conditions were established more 
nearly optimal than those employed. 


Methionine in Casein‘ 


The percentage of methionine determined with Lactobacillus fermenti 
under the best conditions was 3.01 (2.87 to 3.13, range of seven assays) 
per cent, corrected for the 6.21 per cent moisture and 0.55 per cent ash 
in this preparation as reported in Paper XVII (11). Other percentages of 
methionine (given in Table IX) found under other conditions were 2.96 
(2.83 to 3.19, range of ten assays) per cent, determined with Lactobacillus 
fermenti, 2.87 (2.69 to 3.06, range of three assays), determined with 
Leuconostoc mesenteroides, and 2.93 (2.74 to 3.08, range of three assays) 
determined with Lactobacillus arabinosus. 

It seems probable that the true value for methionine in casein is 3.0 + 
0.1 per cent. This conclusion is strongly supported by the data given in 
Table X, since nearly the identical value has been reported by authors from 
ten laboratories who determined methionine by seven methods, differing in 
principle, in samples of casein prepared by the Hammarsten, the Van Slyke 
and Baker, and other procedures. Except for the low values obtained by 
isolation procedures, nearly all of the values for methionine given in Table 
X are not more than about 10 per cent lower or about 20 per cent higher 
than 3.0 per cent. It is of interest that methionine has been determined 
in proteins by more methods differing in principle than any other amino 
acid, that the percentages of methionine in casein obtained by different 
methods are in such close agreement, and that approximately the same 
percentage of methionine has been found in casein prepared from different 
milk samples by a variety of procedures. It would appear either that 
casein, irrespective of its source and method of preparation, contains nearly 
constant proportions of a- and §-caseins® or that a- and 8-caseins contain 
nearly the same percentage of methionine. 


Methionine in Silk Fibroin' 


The content of methionine determined with Lactobacillus fermenti under 
the best conditions was 0.136 (0.128 to 0.140, range of six assays) per cent, 


‘ It appears that casein and silk fibroin contain little, if any, d(+)-methionine since 
the methionine content of each protein determined with Lactobacillus fermenti (giving 
the sum of the /(—)- and the d(+)-methionine) was nearly the same as that deter- 
mined with Leuconostoc mesenteroides or Lactobacillus arabinosus (giving only l(—)- 
methionine). It should be possible, however, to determine by differential assay with 
Lactobacillus fermenti and one of the other microorganisms the quantities of 1(—)- 
and d(+)-methionine present in a mixture of these antipodes. 

’ The evidence for the non-homogeneity of casein has been reviewed by Warner 
(40). 
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corrected for the 5.68 per cent moisture and 0.25 per cent ash reported jp 
Paper XVII (11). Other values of methionine (given in Table [X) found 
under other conditions were 0.139 (0.126 to 0.149, range of eleven assays) 
per cent, determined with Lactobacillus fermenti, 0.115 (0.103 to 0.134, 
range of three assays) per cent, determined with Leuconostoc mesenteroides, 
and 0.127 (0.119 to 0.135, range in three assays) per cent, determined with 
Lactobacillus arabinosus. It appears that methionine may be assayed in 
silk fibroin under the described best conditions with an accuracy comparable 
to that attainable in the microbiological assay of amino acids in other 
proteins. 

The methionine content of oven-dried (105°) silk fibroin obtained from 
Dr. W. H. Stein and Dr. Max Bergmann was found to be 0.15 per cent by 
Stokes ef al. (39) who determined methionine microbiologically with 
Streptococcus faecalis. No other values have been found in the literature. 


SUMMARY 


Microbiological procedures have been described for the determination 
of methionine in protein hydrolysates with the microorganisms Lactobacillus 
fermenti 36, Leuconostoc mesenteroides P-60, and Lactobacillus arabinosus 
17-5. The methionine in casein and silk fibroin, respectively, was found 
to be 3.01 and 0.136 per cent under the conditions considered to be most 
dependable (assay with Lactobacillus fermenti inoculum diluted with a 
volume of sterile saline 3 to 9 times that of the medium from which it was 
centrifuged and incubated for 2 days at 35° in a basal medium (Medium C, 
Table I) of a composition given in Paper XXIV (10)). 

It is considered that the probable true values for methionine in these 
proteins are 3.0 + 0.1 (casein) per cent and 0.14 + 0.01 (silk fibroin) per 
cent, although it is recognized that the extent to which methionine is de- 
stroyed during hydrolysis must be measured before the true values can 
be determined. The nearly identical value for methionine in casein has 
been reported by authors from ten laboratories who determined methionine 
by seven methods, differing in principle, in samples of casein prepared by 
several different procedures. 

The growth of Lactobacillus fermenti was stimulated equally by the d(+) 
and the 1(—) antipodes of methionine. This response appears to be a 
unique property of microorganisms not hitherto recorded in the literature. 
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It has been reported that threonine’ is essential or is accessory for the 
growth of Lactobacillus arabinosus 17-5 (6-11), Leuconostoc mesenteroides 
P-60 (12), Lactobacillus delbriickii (5), Streptococcus faecalis (Streptococcus 
lactis R) (4), and Lactobacillus fermenti 36 (13). The first microbiological 
determination of threonine was that of Shankman et al. (8) who found by 
assay with L. arabinosus 94 per cent of the threonine present in a mixture 
of eleven amino acids. The percentage of threonine in corn, wheat, rye, 
and barley and the alcohol fermentation by-products of these cereal grains 
was determined with L. arabinosus by Baumgarten e al. (11) who reported 
recoveries of threonine, added to samples prior to hydrolysis, ranging from 
95 to 105 per cent. Threonine in six purified proteins and fourteen natural 
products has been determined with S. faecalis by Stokes et al. (4) who showed 
that dl-allothreonine, the unnatural isomer of threonine,? a-bromo-- 


*For Paper XXVI in this series see Dunn et al. (1). This work was aided by 
grants from the American Home Products Company, Merck and Company, Inc., 
the Nutrition Foundation, Inc., Schering and Glatz, and the University of Cali- 
fornia. The subject matter of this paper has been undertaken in cooperation with 
the Quartermaster Corps Committee on Food Research. 

1 Threonine is an accessory but not an essential substance for Lactobacillus casei 
according to Hutchings and Peterson (2). The statement of Stokes and Gunness 
(3) is not entirely clear on this point. Stokes et al. (4) have stated recently that 
pyridoxamine or pyridoxal can substitute for threonine in the nutrition of the lacto- 
bacilli which, according to an earlier report by Stokes and Gunness (5), included 
L. casei, L. arabinosus, and L. delbriickii but not S. lactis R. These conclusions were 
drawn from experiments in which the basal medium of Hutchings and Peterson (2) 
was employed. It has been found in the present experiments that the requirement 
of L. fermenti for threonine was not eliminated either by pyridoxamine and pyridoxal 
when this organism was grown on the authors’ synthetic medium. The rate of 
synthesis of threonine was accelerated under some conditions in the presence of these 
substances but no other effects were noted. The pyridoxamine and pyridoxal em- 
ployed in these experiments were obtained from Merck and Company through the 
courtesy of Dr. J. L. Stokes. 

* Stokes et al. (4) designated the natural isomer of threonine as 1(—)-threonine 
and the unnatural isomer as d(+)-threonine, the letters | and d being employed to 
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methoxybutyric acid, and four derivatives of threonine were inactive ip 
promoting the growth of this organism. The assays at different levels of 
sample, the successive assays on the same sample, and the recoveries? of 
threonine added prior to hydrolysis of two purified proteins and three 
natural foods reported by Stokes et a/. were in reasonably close agreement, 

The determination of threonine in protein hydrolysates with Lactobacillus 
fermenti 36 is described in this paper. 


EXPERIMENTAL 


A basal medium essentially of the composition given (Medium C, Table 
[) in Paper XXIV (13) and the assay technique described in Paper XXVI 
(1) wereemployed. 3 drops of 0.8 per cent dibromothymolsulfonephthalein 
(bromothymol blue) indicator solution (50 per cent ethanol) were required 
for the 3 ml. of experimental solution in each test-tube to give a satis- 
factory end-point in the presence of the marked discoloration produced by 
caramelization of the amino acids present at relatively high concentration 
in the basal medium. The standard was run at fifteen levels up to 84 ¥ of 
dil-threonine, the amino acid test mixtures and protein hydrolysates were 
run at five levels, and six tubes were employed at each level of standard and 
sample. The total volume of solution in each tube (4 inch) was 3 ml. 

The activity of dl-allothreonine and unnatural /(+)-threonine was not 
tested but it was considered probable from the data reported by Stokes 
et al. (4) for Streptococcus faecalis that these substances would not promote 
the growth of Lactobacillus fermenti. Identical results were obtained in 
assays with dl-threonine purchased from Merck and Company and that 
prepared in this laboratory by William Blackwood. 

The casein, the silk fibroin, and the hydrolysis procedure were the same 
as those described in Paper XVII (14). The experimental data are given 
in Tables I to VIII. The basal medium given in Paper XXIV (Medium 
C, Table I) (13), except that the concentration of total amino acids was 





denote the relative configuration of the a-carbon atom in harmony with the common 
practice of naming the other amino acids. It has been the custom, previously, to 
designate natural threonine as d(—)-threonine because both asymmetric carbon 
atoms in natural threonine and p-threose have the same relative configuration. 

? Stokes et al. (4) have calculated recoveries from the equation QUA + B) X 100 
= per cent recovery, where A is the quantity of amino acid found by assay to be 
present in the aliquot of the hydrolysate taken, B is the quantity of amino acid 
added, and C is the amino acid found in the mixture of A and B. Recoveries are 
calculated by the present authors from the equation (C — A)/B X 100 = per cent 
recovery, where the letters A, B, and C have the same meaning. The recovery of 
threonine calculated by Stokes et al. from the first equation was 102 per cent and the 
recovery would be 105 per cent if calculated from the second equation. It appears 
that true recovery may be calculated only by the latter procedure. 
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TaBLye I 


issay of Threonine in Amino Acid Test Mixture 1* 


The test mixture contained 2.50 per cent d(—)-threonine (added as dl-threonine 
_ poocts d(—)-Threonine Titration volumes d(—)-Threonine i(—)-Threonine 
a present per tube - found per tube recovered 
per tube Range Average 
¥ mi mi Y per cent 
281.3 7.02 3.15-3.37 3.23 7.00 99.7 
562.6 14.04 3.93-4.23 4.06 13.70 97 .6 
843.9 21.06 5.09-5.52 5.32 21.30 101.1 
1125.2 28 .07 6. 20-6. 80 6.53 28.90 103.0 
1406.5 35.09 7.29-8.01 7.54 36.10 102.9 
Average ee : 100.9 





* The composition of the test mixture simulating that of casein was the same as 
that given in Paper XXV (15). 

+ The solution in each of six replicate tubes at each level of sample was titrated 
with 0.0310 n NaOH. 


TABLE II 


Assay of Threonine in Amino Acid Test Mixture 2* 


The test mixture contained 1.67 per cent d(—)-threonine (added as dl-threonine). 
Amino acid mixture d(—)-Threonine rT: : P d(—)-Threonine d(— )-Threonine 

per tube present per tube Titration volume found per tube recovered 

Y Y mi ¥ per cen 

360 6.00 7.69 5.62 93.7 

720 2.00 11.71 12.00 100.0 

1080 18.00 16.60 ‘ 17.82 99.0 
1440 24.00 19.22 25.25 105.0 
1800 30.00 20.91 29.50 98 .3 
Average. ; 99.2 


* The composition of the text mixture was essentially the same as that given in 
Paper XXV (15). 

+t The solutions of six replicate tubes at each level of sampte we.e mixed and 
titrated \.ith 0.0623 n NaOH. 


2.5 times that stated, and 2 day incubation at 35° with Lactobacillus fermenti 
were employed in all assays reported in these tables.‘ 


‘ It was shown in Figs. 14 and 27, Paper XXIV (13), that 1 times the concentration 
of total amino acids (equivaient to amino acid Level 8 in Fig. 14) was the lowest 
level of total amino acids in the basal medium and that a 2 day incubation period was 
the maximum time which probably would be satisfactory for the assay of threonine 
under the other conditions describid. It has been reported in the present paper that 
2.5 times the concentration of totai amino acids (equivalent to amino acid Level 20 
in Fig. 14) and 2 day incubation time were the most satisfactory assay conditions. 
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DISCUSSION 
It has been found that threonine could be determined most accurately 


by incubating a Lactobacillus fermenti inoculum (diluted with a volume of 
sterile saline solution from 3 to 9 times that of the medium from which jt 

















TasB_e III 
Assay of Threonine in Amino Acid Test Mixture 3* 
The test mixture contained 0.98 per cent d(—)-threonine (added as dl-threonine), 
Amino acid mixture d(—)-Threonine . . , | d(—)-Threonine d(—)-Th i 
per tube 4 | Present per tube Titration volumet found per cube ane 

Y Y mi. Y | per cent 
626 .6 6.17 5.52 5.80 94.0 
1253 .2 12.34 7.40 12.05 97.6 
1879.8 18.52 9.18 18.90 102.1 
2506 .4 24.69 10.90 24.10 97.6 
3133.0 30.86 12.20 30.10 97.5 
Average. : +" 97.8 





* The composition of the test mixture simulating that of silk fibroin was the same 
as that given in Paper XXV (15). 

t The solutions of six replicate tubes at each level of sample were mixed and 
titrated with 0.105 n NaOH. 


TaBLe IV 
Assay of Threonine in Casein Hydrolysate 

















(mpisture and ash | Titration volume* wie “3-7 found d(—)-Threonine in casein 
é at — 
¥ mi. ¥ per cent 
149.2 5.62 6.10 4.09 
298 .4 7.52 12.50 4.19 
447.6 9.60 20.85 4.66 
596.7 11.02 24.50 4.11 
745.9 12.60 31.25 4.19 
Average 4.25 











* The solutions of six replicate tubes at each level of sample were mixed and 
titrated with 0.105 n NaOH. 


was centrifuged) for 2 days at 35° in a basal medium (Medium C, Table! 
(13)) except that the concentration of total amino acids was 2.5 times that 
stated. Under these conditions, the average mean deviation from the 
mean values at the five levels of each sample was about 3.5 per cent for the 
three amino acid test mixtures described in Tables I to III, which con- 
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tained 2.50, 1.67, and 0.98 per cent d(—)-threonine, respectively. The 
assay values for threonine in casein and silk fibroin and the recoveries of 
threonine from the acid hydrolysates of these proteins were reasonably 


TABLE V 
Recovery of Threonine Added to Casein Hydrolysate* 











Hydrolyzed casein d(— )-Threonine 
(moisture- and a ee ae eR AD eats A socketiaeiine we 
ash-free) per tube In casein per tubet | Added per tube Found per tube Recovered 
i 2 , aol & 7 per cent — 
74.6 3.17 3.00 6.00 94.3 
149.2 6.34 6.00 12.44 101.7 
223.8 9.51 9.00 19.00 105.4 
298 .4 12.68 12.00 25.30 105.2 
373.0 15.85 15.00 31.60 105.0 
Average... 102.3 





*The sample was prepared to contain 15.0 y of d(—)-threonine (added as dl- 
threonine) per ml. and 373.0 y of casein (moisture- and ash-free) per ml. Volumes 


from 0.20 to 1.00 ml. were taken for the assays. 
t Estimated on the basis of the 4.25 per cent of threonine in casein given in Table 


IV. 





























TaBLE VI 
Assay of Threonine in Silk Fibroin Hydrolysate 
oe en Tene, d(—)-Threonine | 4(—)-Threonine 
ash-free) per tube ae sete —: . found per tube in silk fibroin 
>. | a | a { -——: > oan 
451.5 2.94-3.11 3.03 5.50 1.22 
903.1 3.69-3.78 3.73 11.60 1.29 
1354.6 4.32-4.61 4.42 15.90 | 1.17 
1806 .2 5.07-5.43 5.27 21.00 1.16 
2257 .7 5.61-6.29 5.91 24.84 1.10 
Average.. a ere ay Pine nlssaemeeee 1.19 








with 0.0310 n NaOH. 


satisfactory, although, on the whole, they were somewhat less precise and 
accurate than the methionine data reported in Paper X XVI (1). 

The average of from nine to fourteen threonine values found under other 
assay conditions® was as follows: 107 (98.8 to 120) per cent, amino acid Test 


5 Concentration of total amino acids in the basal media and incubation times 
(given in parentheses) were as follows: 1 (2), 1.5 (2), 2 (2), and 2.5 (1). 
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Mixture 1; 110 (98.7 to 151) per cent, amino acid Test Mixture 2; 93.0 (84.8 to 
101) per cent, amino acid Test Mixture 3; 4.5 (4.09 to 4.97) per cent, casein: 
1.20 (0.93 to 1.40) per cent, silk fibroin; 98.4 (67 to 117) per cent, casein re. 
covery ; and 103 (87 to 131) per cent, silk fibroin recovery. These data and 
assay conditions were considered to be unsatisfactory. 

The determination of threonine was investigated with Leuconostoc 
mesenteroides P-60 and a basal medium (Medium D, Table I (12)) except 
that the concentration of total amino acids was varied from 1 to 3.3 times 
that stated. Although there was no synthesis of threonine in 5 days, the 
standard curves were too irregular to vield dependable assays. It had 
been found previously (12) that threonine appeared to be essential for the 


TasLe VII 
Recovery of Threonine Added to Silk Fibroin Hydrolysate* 


Hydrolyzed silk d(—)-Threonine 
b noisture . — = - —_ 
i tree 
‘ In silk fibroin > 
ibe per tubet Added per tube Found per tube Recovered 
Y per cent 
225.8 2.69 3.00 5.70 100.3 
151.5 5.37 6.00 12.30 115.5 
677.3 8.06 9.00 16.50 93.8 
903 .1 10.75 12.00 21.70 91.3 
1128.8 : 13.43 15.00 26.30 S5.8 
\v g 97.3 
The sample was prepared to contain 15.0 y of d(—)-threonine (added as 
threonine) and 1128.8 y of silk fibroin (moisture- and ash-free) perml. Volumes from 
0.20 to 1.00 ml. were taken for the assays 
Estimated on the basis of the 1.19 per cent of d threonine in silk fibroin 


given in Table VI 


growth Ol Leuconostoc mesenteroides P-60 but it was considered doubtful 
that threonine could be determined quantitatively under the conditions 
described 

The earlier report of Shankman ef al. (8) that about 94 per cent of threo- 
nine in a mixture of eleven amino acids was recovered suggested that 
threonine in protein hydrolysates could be determined quantitatively with 
Lactobacillus arabinosus 17-5. This assumption was invalidated, however, 
by the observation that the recoveries of threonine added to amino acid 
Test Mixture 1 ranged from 120 to 230 per cent from assays with the four 
cultures of Lactobacillus arabinosus 17-5 (1) and the basal medium (7 


described previously. 
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Threonine in Casein 
The threonine determined with Lactobacillus fermenti under the best 
conditions was 4.27 (4.11 to 4.51, range of five assays) per cent, corrected 
for the 6.21 per cent moisture and 0.55 per cent ash reported in Paper 
XVII (14). If it is assumed that there is no appreciable destruction of 


Taste VIII 


Summary of Threonine Assay and Recovery Data* 




















Amino acid test mixture No.; recoveryt Casein Silk fibruin 
a 1 2 3 Found Recovered Found Recovered 
se ceni per cent per cent per cent per cent per cent per cent 
108.0 101.0 98 .6 4.11 100.3 1.36 97.5 
99.2 102.0 95.4 4.25 98.6 1.19 92.5 
100.9 97.9 93.5 4.23 92.6 1.19 114.0 
104.8 104.4 91.5 4.25 96.7 21 106.1 
97.3 102.3 97.8 4.51 102.3 | 1.26 93.0 
99.4 97.7 97.0 96.0 1.21 
99.0 101.7 
93.6 95.0 
101.0 94.6 
96.6 101.2 
100.8 99.2 
99.4 
98 .7 
go 0 
100.6 100.0 95.5 ..27 97.8 1.24 100.6 
* The basal medium was the same as that given in Paper XXIV (Medium C, 


ible I) (13) except that the concentration of total amino acids was 2.5 times greater. 


T. 
The incubation time was 2 days. The average mean deviations from the mean of 


the threonine values found at the different levels of samples were (in per cent) 3.5 
1.6 to 7.0), amino acid Test Mixture 1; 4.0 (2.0 to 6.7), amino acid Test Mixture 2; 3.2 
1.8 to 5.0), amino acid Test Mixture 3; 5.3 (1.2 to 8.2), casein assay; 2.9 (1.1 to 6.7), 


casein recovery; 3.8 (1.0 to 9.0), silk fibroin assay; and 4.5 (3.8 to 6.7), silk fibroin 


recover} 
+ The amino acid test mixtures were the same as those referred to in Tables I, 


II, and III. 


threonine during acid hydrolysis, it seems probable that the true value for 
threonine in casein is 4.3 + 0.2 per cent. Four closely agreeing values 
(bold-faced type in Table IX) were obtained in four laboratories by the 
periodic acid-iodometric titration procedure and by microbiological assay 


with Stre ptococcus faecalis. 








596 AMINO ACIDS, PEPTIDES, AND PROTEINS. XXVII 














TaBLe IX 
Percentage of Threonine in Casein (Literature Values)* 
Casein sample Hydrolysis procedure oo Threonine rele 
per cent 
Source not given 20% HCl overnight; reflux A 3.5f (18) 

= _ 20% H:SO, 16 hrs. 4s B 3.3§ (19) 

- i vs 6 N HCl overnight 7 » 4.6§ (20) 
Hammarsten 20% ‘* 24 hrs.; reflux | A 3.3]| (21) 
Source not given | 20% “ 24 “ = D 3.59 (22) 
Commercial | HCl - ae (23, 24) 
Source not given | 25% H.SO, A 3.5tt | (25) 
Commercial 20% HCl 24 hrs.; reflux | D 4.0tt | (26) 
T. B. Osborne ts lU fh? on - 4.3§§ | (27) 
S.M.A., vitamin- | 20% “13 “ “ “ 3.5 (28) 

free 
Source not given | No data | |; 4.6]l|| (29) 
S. M. A. 10% HCl 10 hrs.; 121° | E 4.299 | (4) 








* A 4.5 gm. yield (equivalent to 0.08 per cent) of purified threonine was isolated 
from fibroin by McCoy et al. (16) in 1935 but it appears that there are no data on the 
percentage of threonine isolated from casein. 

t (A) lead tetraacetate oxidation to acetaldehyde and colorimetric determination 
of the acetaldehyde-p-hydroxydiphenyl complex; (B) bromine oxidation to a dike- 
tone and colorimetric determination in the presence of ferric ions of the diketoxime 
formed from the diketone and hydroxylamine; (C) periodic acid oxidation to acetal- 
dehyde and colorimetric determination of the acetaldehyde-p-hydroxydiphenyl 
complex; (D) periodic acid oxidation to acetaldehyde and iodometric titration of 
the bisulfite-bound acetaldehyde; (E) microbiological assay with Streptococcus 
faecalis (Streptococcus lactis R). 

t For casein containing 14.7 per cent nitrogen according to Block and Bolling (17). 

§ No other data available. 

|| For casein (containing 15.08 per cent nitrogen, 0.82 per cent phosphorus, 0.63 
per cent sulfur, and 1.10 per cent ash) dried at 105°. The value listed was the aver- 
age of 2.8 and 3.7 per cent found in two determinations. 

{| Average of nine values (3.43 to 3.68 per cent) for casein uncorrected for moisture 
andash. The nitrogen content of the casein was not given. Recoveries of threonine 
from four mixtures containing from three to five amino acids ranged from 96 to 98 
per cent. Recoveries from casein hydrolysates averaged 96 (93 to 97) per cent. 

** Value for British Drug Houses casein (containing 13.4 per cent nitrogen) cal- 
culated to 16.0 per cent nitrogen. The value was considered to be 30 to 35 per cent 
low, since the recovery of threonine from a mixture containing fifteen amino acids 
was 70 per cent. 

tt Value for casein R. Value, 3.2 percent, found for casein R by the method of 
Shinn and Nicolet (22). The value, 1.0 per cent, was found by the method of Block 
and Bolling (18) and the value, 0.7 per cent, was found by the method of Shinn and 
Nicolet (22) for casein A-165 hydrolyzed by heating it for 8 hours at 165° with 10 per 
cent H,;SO,. Moisture, ash, and nitrogen were not given for either casein sample. 

tt Value for fat-free commercial casein (containing 14.00 per cent nitrogen) cal- 
culated to 15.80 per cent nitrogen. 
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TaBLe [X—Concluded 


§§ Value for sample of T. B. Osborne casein (containing 14.75 per cent nitrogen 
on moisture- and ash-free basis) furnished by Dr. H. B. Lewis. The average value, 
4.3 per cent, was calculated from about seven determinations ranging from 4.10 to 
4.46 per cent. The average value was 4.7 per cent for the casein corrected to 16.0 
per cent nitrogen. Recoveries of threonine added to casein hydrolysates ranged 
from 96 to 99 per cent. 

||| For casein (containing 15.28 per cent nitrogen on ash- and moisture-free basis) 
prepared by isoelectric precipitation. 

§q For casein (dried at 105°) assayed with Streptococcus faecalis. 


Threonine in Silk Fibroin 

The threonine determined with Lactobacillus fermenti under the best 
conditions was 1.24 (1.19 to 1.36, range of six assays) per cent, corrected 
for the 5.68 per cent moisture and 0.25 per cent ash reported in Paper 
XVII (14). The following values for threonine in silk fibroin have been 
reported previously: 0.62 per cent, found by Martin and Synge (24) for 
silk fibroin containing 18.3 per cent nitrogen; 1.54 (1.43 to 1.66, range of 
five determinations) per cent, found by Nicolet and Saidel (30) for silk 
fibroin (dried in a vacuum desiccator) obtained from Dr. M. Harris; and 
1.36 per cent found by Stokes e¢ al. (4) for silk fibroin (dried at 105°) ob- 
tained from Dr. W. H. Stein and Dr. M. Bergmann. The first two values 
were determined by the periodic acid-iodometric titration procedure of 
Shinn and Nicolet (22). The last value was determined by microbiological 
assay with Streptococcus faecalis. 


SUMMARY 


A microbiological procedure has been described for the determination of 
threonine in protein hydrolysates with Lactobacillus fermenti 36. The 
percentages corrected for moisture and ash of threonine in casein and silk 
fibroin, respectively, were found to be 4.3 and 1.2 under the conditions 
considered to be most dependable. 

It is considered probable that the true values for threonine in these 
proteins are 4.3 + 0.2 (casein) and 1.2 + 0.2 (silk fibroin) per cent, al- 
though it is recognized that the extent to which threonine is destroyed 
during hydrolysis must be measured before the true values can be deter- 
mined. Percentages of threonine in casein and silk fibroin which are in 
fair agreement with the authors’ values have been found in other 
laboratories by the periodic acid-iodometric titration procedure and micro- 
biological assay with Streptococcus faecalis. 
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SOME RELATIONSHIPS BETWEEN THE AMINO ACID CON- 
TENTS OF PROTEINS AND THEIR NUTRITIVE VALUES 
FOR THE RAT 


By H. H. MITCHELL anp RICHARD J. BLOCK 


(From the Division of Animal Nutrition, University of Illinois, Urbana, and the 
Department of Physiology and Biochemistry, New York Medical 
College, Flower and Fifth Avenue Hospitals, New York) 


(Received for publication, February 13, 1946) 


It is obvious that the nutritive value of a protein or mixture of proteins 
for any biological function or combination of functions is limited by the 
relative proportions of the essential amino acids contained in it; 7.¢., those 
amino acids that cannot be synthesized by the animal at a sufficiently rapid 
rate from any substances present in the usual diets. But it is not so clear 
that the amino acid make-up of a protein is the only considerable factor 
limiting its utilization within the animal body. 

The experiments of Sherman and Woods (1) on the determination of 
cystine in proteins by means of feeding experiments with growing rats 
afford an illustration of a close relationship between amino acid content 
and the growth-promoting value of protein, though perhaps not sufficiently 
close to justify using a rat growth technique to check the accuracy of a 
chemical assay method for an amino acid, as Grau and Almquist (2) have 
done in their study of the methionine content of various feed proteins. 
With much the same conviction, Munks, Robinson, Beach, and Williams 
(3) have assessed the amino acid requirements of the laying hen for the pro- 
duction of one egg as being equal to the amino acids contained in one egg. 
Undoubtedly, this is a good basis on which to assess the net amino acid re- 
quirements, but it may afford quite uncertain information of.the amino acid 
intakes from different protein combinations needed to cover these require- 


ments. 


Comparison of Chemical and Biological Methods of Assaying 
Protein Quality 


The study of the relationship between the amino acid constitution of pro- 
teins and their value in animal growth may be pursued further by comparing 
the amino acid contents of certain food products, as determined by modern 
methods, with the results of rat feeding experiments designed to detect the 
amino acids limiting their value in the nutrition of growth. For this pur- 
pose, use has been made of the amino acid analyses of food products re- 
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cently assembled by Block and Bolling (4),' and later discussed by them (6), 
from the standpoint of nutritional applications. These values have been 
revised and supplemented to some extent by more recent analyses. The 
relative amino acid deficiencies of food proteins in the nutrition of the grow- 
ing rat can be revealed clearly only by a comparison of the proportions of 
the essential amino acids present in the proteins with the proportions exist- 
ing among the amino acid requirements of the rat for growth. These at 
present are unknown. However, in the proteins of whole egg we have an 
amino acid mixture that is very highly digestible and almost perfectly 
utilizable in rodent metabolism, being better than milk proteins in this 
respect. This was first shown by Mitchell and Carman (7) for the growing 
rat and was later confirmed by Sumner (8) for both growing and mature 
rats. For the adult human subject, also, whole egg proteins seem to be 
better utilized than whole milk proteins (9, 10). 

In Table I are given the percentage deviations of the contents of different 
food proteins in the essential amino acids, in Rose’s sense of the term, and 
also in tyrosine and cystine, from the contents of the corresponding amino 
acids found in whole egg protein.? The first column of the values represents 
the results of a recent analysis of a dried preparation of whole egg performed 
by one of the authors (R. J. B.).2 The methods used in this analysis will be 
given later. Each value in the other columns expresses the percentage 
deviation in the amino acid content of a specified protein mixture (stand- 
ardized to a nitrogen content of 16 per cent) from that of the proteins of 
dried whole egg. For example, beef muscle proteins, according to available 
analyses, contain 46 per cent less cystine than whole egg proteins, and 12 
per cent more lysine. The amino acid limiting the nutritional value for 
maintenance and growth of the laboratory rat for any particular food pro- 
tein would be that amino acid present in the least amount with reference to 








1 The recent communication of Vickery and Clarke (5), criticizing the method used 
by Block and Bolling of computing the amino acid content of proteins to a uniform 
protein content of 16 per cent nitrogen, expresses the viewpoint of the protein chemist 
concerned solely with problems of protein structure. The viewpoint of the protein 
nutritionist, however, is entirely different, because the utilization of dietary proteins 
by animals can be studied only by the nitrogen balance sheet method at the present 
time. Hence, an amino acid analysis of a protein is most useful in protein nutrition 
as a chemical description of the nitrogen contained in it. From this standpoint, it 
is entirely immaterial whether the protein contains 15 or 18 per cent of nitrogen; in 
fact, for the most exact appraisal of a protein in nutrition, such differences in nitrogen 
content should be disregarded by computing amino acid contents on a conventional 
basis of 16 per cent of nitrogen. 

2 A somewhat similar use of the amino acid content of whole egg proteins has been 
made by Stare, Hegsted, and McKibbin (11). 

* Dried and solvent-extracted at low temperatures by the VioBin Corporation, 
Monticello, Illinois, through the courtesy of Mr. Ezra Levin. 
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whole egg proteins; 7. e., that amino acid with the greatest percentage deficit 
in Table I. Thus, the limiting amino acid in pea proteins is methionine 
(—76), that in blood ‘serum proteins isoleucine (—62), and in wheat pro- 
teins lysine (—63). 

The “indicated limiting amino acids’”’ listed at the bottom of Table I are 
taken to be those essential amino acids in greatest percentage deficit. Ip 
such deductions, the arginine percentages are disregarded, since the grow- 
ing rat can, to some unknown extent, supplement a dietary deficiency in 
this amino acid by its limited capacity to synthesize it. In view of the 
known relationship of cystine and methionine in metabolism, whereby 
methionine is convertible into cystine but the reverse reaction does not 
occur, the limiting factor between these two was assumed to be methionine, 
or methionine plus cystine, whichever percentage deficit is the greater, 
The latter designation means that the protein in question is supplemented 
fully by methionine and to some extent by cystine also. The same rela- 
tionship exists between tyrosine and phenylalanine, but the necessity of 
distinguishing between these amino acids in this connection has not arisen 
in the construction of Table I. 

The extent to which food proteins will supplement each other in a diet or 
ration will depend upon the identity or non-identity of their limiting amino 
acids, and, if they are not identical, upon the relative prominence of a com- 
mon deficiency in some other essential amino acid. Thus, whole milk pro- 
teins should obviously supplement rice proteins because the limiting amino 
acid in the one case is cystine plus methionine and in the other case lysine, 
but the extent of supplementation would presumably be slight because rice 
proteins are also rather seriously deficient in the sulfur-containing amino 
acids. 

Such uses of the values listed in Table I should be tempered by the fact 
that several methods of amino acid analysis are still quite imperfect. 

The main purpose of presenting the data summarized in Table I is to 
compare the amino acid contents of food proteins with reference to the con- 
tents in whole egg proteins, with the results of rat feeding experiments de- 
signed to detect the limiting amino acids in the same food proteins. The 
largest percentage deficits in essential amino acids for the various food pro- 
teins considered in Table I are in harmony with the following conclusions 
as to the amino acids limiting the growth-promoting values of the proteins 
for the rat. 

The proteins of whole milk (12), beef (13), soy beans (13-15), the peanut 
(16, 17), yeast (18), the pea (19), and casein (20, 21) are deficient in cystine 
or methionine or both. On the other hand, lactalbumin is definitely not 
deficient in cystine (21). 

The proteins of wheat (13), oats (13), rye (22), corn (13, 23), rice (24), and 
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cottonseed (25) are deficient in lysine. The supplementation of corn and 
oats with lysine results in distinct, though slight, increase in growth-pro- 
moting power (13, 23) because of the interposition of secondary deficiencies, 
identified as tryptophane for corn proteins, but unidentified in the case of 
oat proteins. The data of Table I suggest that the second deficiency in oat 
proteins may be methionine. 

Light and Frey (26) present evidence that white flour proteins are de- 
ficient in valine as well as lysine, a conclusion that finds some support in 
the values given in Table I for this food product, but the methionine and 
isoleucine deficits seem even more severe. 

The proteins of blood plasma are primarily deficient in isoleucine (27). 
Hemoglobin, which is 79 per cent (or more) deficient in isoleucine, seems to 
be improved as a source of protein for the growing rat by a supplement of 
this amino acid (28). 

Hegsted, Hay, and Stare (29) in their recent study of the nutritive value 
of human plasma fractions, employing the ad libitum feeding technique with 
young rats, found that serum albumin at a 20 per cent dietary level barely 
supported maintenance of body weight. The addition of isoleucine to the 
diet definitely improved the growth-promoting power of the ration, while 
the further addition of tryptophane brought about a marked improvement. 
Tryptophane alone had no appreciable effect. The values given in Table 
II, similar in significance to those in Table I, show that the greatest per- 
centage deficits of serum albumin are 80 for tryptophane and 75 for iso- 
leucine. These deficits in amino acid composition agree reasonably well 
with the biological tests reported by the Harvard group. 

However, the amino acid constitution of proteins, as it is presented in 
Tables I and II, is not always in good agreement with reported biological 
tests with growing rats. Thus, the data of Table I indicate that soy bean 
proteins are deficient in methionine, although they are also supplemented 
by cystine (13-15). For alfalfa proteins, the greatest percentage deficit 
is that for isoleucine, although the biological evidence seems clear that they 
are deficient in cystine and methionine (30,31). Marais and Smuts (32, 33) 
have reported evidence that linseed meal and sesame seed meal are im- 
proved in growth-promoting value by supplementation with cystine rather 
than with lysine, as the chemical data indicate. The fact that these work- 
ers use rats of much greater initial weight than usual may partially explain 
this discrepancy, a comment that is prompted by the fact that some of the 
results obtained with the technique of these workers do not harmonize 
with results secured in other laboratories, for example the failure to demon- 
strate a methionine deficiency in peanut meal (33) and a lysine deficiency 
in oats (32). 

The computations in Table I may be used to compare the amino acid 
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compositions of food proteins expressed as percentage deviations from the 
amino acid contents of the proteins of whole egg, with their biological values 
for the growing rat, as determined by the nitrogen metabolism method, 
developed by Mitchell (34, 7). One might expect that the proteins least 
deficient in any limiting essential amino acid would possess a higher bio. 
logical value than one more deficient, and that in general it would be pos. 
sible to arrange food proteins in the order of decreasing biological efficiency 
by placing at the head of the list the protein whose limiting amino acid js 
least deficient, as compared with a nearly perfect mixture of amino acids 
such as is found in whole egg proteins. The other food proteins would then 

















TaBLe II 
Relative Nutritive Value of Blood Proteins As Revealed by Their Amino Acid 
Constitution 
Whole | Percentage deviation from whole egg values 
=e os 
ProteiNs) Whole serum | Serum albumin Fibrin y-Globulin 
per cent 
Arginine 6.4 | —5 —6 +22 —25 
Histidine 2.1 +48 +67 +29 +19 
Lysine 7.2 +33 —44 +22 —7 
Tyrosine 4.5 | +20 +18 +29 +51 
Phenylalanine 6.3 —14 +22 —5 
Tryptophane 1.5 +13 — 80 +127 +-93 
Cystine 2.4 +54 +171 —21 +29 
Methionine 4.1 —54 —68 —24 —73 
Cystine + methionine 6.5 —14 +5 —23 —35 
Threonine 4.9 +29 —44 +61 
Leucine 9.2 +96 +29 +52 —12 
Isoleucine 8.0 —62 —75 —37 —59 
Valine Tom —18 -—4 —18 +38 
Indicated limiting amino Isoleu- | Trypto- Isoleu- Methionine 
acid hat . rr cine phane cine 
Greatest deficit. ........ ne 62 SO 37 73 





follow in the order of the percentage deficits in their respective limiting 
amino acids. 

Table III was compiled to reveal such a relationship. The limiting amino 
acids are those indicated by biological assay, or, in the absence of such in- 
formation, they are identified as those acids present in the protein in the 
least amount relative to whole egg. The percentage deficits in the third 

‘Recent improvements in the method relate to equalized feeding by paired rats 
on comparative diets, the use of a feces marker, and apportioning the endogenous 
urinary N in proportion to the three-fourths power of the body weight rather than 
with body weight itself. 
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column are taken directly from TableI. The biological values and digest- 
ibilities of protein, occupying the next two columns, are taken from pub- 
lished and unpublished data secured in the Division of Animal Nutrition 
of the University of Illinois, except for lactalbumin, rice, sesame seed, and 


TaB_Le III 
Relation between Percentage Deficits in Limiting Essential Amino Acids with Reference 
to Whole Egg Proteins, and Biological Values of Proteins 





Bibli 
Be. , Per Biolog- Diges- | staphic 
Protein source Limiting essential amino acid centage ical eihilie refe 
deficit | value |“°™" | ence 
per cent |per cen 

Beef muscle Cystine + methionine 29 76 100 35 
liver Isoleucine 30 77 97 36) 

Egg albumin Lysine 31 82 100 7) 
Cow’s milk Cystine + methionine 32 ow 95 12) 
Lactalbumin Methionine 34 S4 98 (21) 
Beef kidney Cystine + methionine 35 77 99 36) 
heart Isoleucine 35 74 100 (36) 
Casein Cystine + methionine $2 i3 99 20) 
Sunflower seed Lysine 17 65 94 37 
Soy bean Methionine 51 75* 96* | (37 

Yolled oats Lysine D4 66 93 tT 

Yeast, average Cystine + methionine 55 69 93 t 
White rice Lysine 56 66 78 38 
Corn germ Methionine 61 78 85 (39) 
Sesame seed Lysine 61 71 92 (40) 

Wheat germ Isoleucine 62 75 5 t 
Whole wheat Lysine 63 70 91 (41) 

Cottonseed i 63 61 90 t 
Whole corn 72 60 94 42) 
White flour 72 52 100 7) 
Peanut Methionine 76 58 97 35) 
Pea = 76 48 91 43) 
Gelatin Tryptophane 100 25¢ | 95f 4 





* The biological data were secured with heated soy flour. 

T The digestibilities and biological values given are from unpublished data secured 
on growing rats in the Division of Animal Nutrition, University of Illinois 

t The biological data were secured with ‘‘pork cracklings’’ consisting essentially 


of connective tissue. 


the pea. The literature references in the last column of Table III denote 
the source of the biological data. 

Inspection of Table III reveals a correlation between the chemical and 
the biological evaluations of food proteins in that the lower biological values 
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tend to gravitate toward the foot of the table, while the better proteins are 
found at the top. 

The correlation coefficient of percentage deficits in limiting essential] 
amino acids and biological values is —0.861 by the product-moment 
method, in which perfect negative correlation is represented by —1.000, 
It is worthy of note that little or no correlation exists between amino acid 
deficits and coefficients of digestibility, with r = —0.366. If the latter 
correlation is a significant one, it exists, not because of any inherent rela- 
tionship between the content of proteins in essential amino acids and their 


Y=biological value 





nm 
2) 


2 !00 ’ My = 68.3 

< 6y= 13.4 

°o 

€ X=% amino acid deficit 
e 80 

§ S o Xo M:z= 53.8 

) ° 6*= 18.2 

= Aly.y=-0. 86) 

© 60 %% @ 

Por} Regression equation— 
on ° Y¥=102-0.634X— 
£ . ° 

= 40 

£ 

oa 

£& 

s 

> 

a 

2 





60 80 100 120 
BIOLOGICAL VALUES 


Fic. 1. Correlation between the chemical constitution and the biological values 
of proteins. 


digestibility by enzymes, but because of the association of plant proteins of 
lower biological value with polysaccharides such as celluloses and hemi- 
celluloses that, as Mendel and Fine (45) showed many years ago, impair 
proteolysis by imposing indigestible barriers between protease and substrate. 

The degree of correlation between the percentage deficits in essential 
amino acids of proteins and their biological values, as was determined by 
the nitrogen metabolism method, is shown graphically in Fig. 1. The 
regression equation for the prediction of biological value (y) from the maxi- 
mum percentage deficit in essential amino acid (x) is y = 102 — 0.634z. 
This equation means that with zero deficit the biological value should be 
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100, the difference between 102 and 100 being an error of random sampling. 
For a percentage deficit of 100, the biological value should be 39. It seems 
reasonable to qualify this latter statement to apply only to proteins whose 
biological efficiency is limited by the complete absence of an amino acid 
essential for growth but not for maintenance, such as histidine. Other- 
wise, the replacement of endogenous losses is impaired, as well as the ability 
to support growth, so that the biological value possesses a somewhat dif- 
ferent significance. With gelatin, tryptophane, the first limiting amino 
acid, is required for maintenance as well as for growth, and the biological 
value of 25 is for this reason, perhaps, somewhat less than the prediction, 39. 

Hegsted, Hay, and Stare (29) compared the growth-promoting value of 
serum albumin, fibrin, and y-globulin from human plasma with young rats 
fed ad libitum in rations containing 20 per cent of protein. The albumin 
proved to be the poorest, the fibrin definitely and markedly the best, almost 
as good as the proteins of skim milk powder, and y-globulin was of inter- 
mediate value. ‘The maximum percentage deficits in essential amino acids 
for these proteins, given on the bottom line of Table II, agree with this 
biological evaluation, the deficits being 37 for fibrin, not much more than 
the 32 for milk proteins given in Table III, 73 for y-globulin, and 80 for 
albumin. 

There are obvious imperfections in the correlation of chemical and bio- 
logical data summarized in Table III. These imperfections may in part be 
traceable ultimately to inaccuracies in the data. The average biological 
values determined in the Nutrition Laboratory of the University of Illinois 
will have a standard error of about 1.2 (35). The percentage deficits in 
limiting amino acids, being difference values, may be subject to a much 
greater error. But there are other disturbing factors in the picture. The 
biological values relate to the total nitrogen content of the food material, 
while the amino acid analyses may not. In Table III the animal tissues, 
muscle, liver, kidney, and heart, rank higher on the chemical scale than on 
the biological scale. All of these tissues contain considerable amounts of 
non-protein nitrogenous substances possessing little value in relation to the 
animal functions that dietary protein serves. The biological values of the 
true proteins in these tissues may be appreciably higher than those of the 
conventional proteins (N X 6.25). 

Wheat germ and corn germ proteins, on the other hand, are rated much 
lower on the basis of their chemical structure than on that of their biological 
performance. The explanation is not at all obvious. The high nutritive 
value for peanut protein that has been secured by another method of bio- 
logical assay than the biological value in the sense of Thomas (46) finds no 
support from the chemical data reported in Table I. 

Another possibility is that an imperfect correlation actually describes the 
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situation, other factors than the amino acid constitution of proteins being 
involved in their nutritive availability. One illustration of the operation 
of such factors is afforded by the changes occurring in seed proteins on ger- 
mination. Everson et al. (47) showed that germination of soy beans greatly 
improved their nutritive value for growing rats, as measured by the gain 
secured per gm. of protein consumed, without improving the digestibility of 
nitrogen. This observation was confirmed for rats, but not for chicks, by 
Mattingly and Bird (48). However, Block and Bolling (6), by analyses for 
tyrosine, tryptophane, phenylalanine, cystine, and methionine, were unable 
to detect any change in soy bean protein during germination for 96 hours. 
Since the amino acids limiting the biological value of soy bean proteins are 
cystine and methionine, their constant proportion in the protein molecule 
during germination would not lead one to expect any change in nutritive 
value. 


Effect of Heat on Proteins? 


When food products are heated, their proteins are known to undergo cer- 
tain changes in nutritive value. The digestibility may be improved (49) 
or depressed (12) and the biological value may be similarly changed. The 
improvement in the digestibility and the biological value of certain of the 
legume proteins is a striking phenomenon (50,37). Soy bean proteins have 
been studied most thoroughly in this connection, and it has been shown that 
the raw, as well as the heated, proteins are deficient in the sulfur-containing 
amino acids. In some way, heat renders these amino acids more available 
in nutrition, obviously without changing the content of essential amino 
acids. The report of Ham, Sandstedt, and Mussehl (51) that the applica- 
tion of heat to soy beans destroys a proteolytic-inhibiting substance in the 
raw bean may partially explain this phenomenon. The position of soy bean 
proteins in the rankings attempted in Table III supports a correlation be- 
tween limiting amino acid deficiencies and biological value only when the 
maximum biological value of the heated product is considered. The raw 
product, with a biological value of 59 (37), would be distinctly out of line 
with the other proteins. Evidently the application of heat is necessary to 
attain the full potential nutritive capacity of soy bean proteins. 

The protein of the pea possesses a low biological value and its chemical 
rating is also low (see Table III). On_ heating, its nutritive value is de- 
pressed (19). The cereal proteins and the proteins of milk, which also are 
impaired by heating, each seem to have comparable chemical and biological 
ratings. On the basis of these facts, one might be tempted to venture the 
prediction that, in such a listing as is illustrated in Table ITI, food products 

5 The original data presented in this section were secured with the aid of funds con- 
tributed by General] Mills, Inc., of Minneapolis, Minnesota. 
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whose unheated proteins are ranked much lower by an adequate biological 
assay than by a chemical appraisal of the type here used would exhibit an 
improvement in biological value on heating, while those food proteins whose 
biological assays and chemical ratings show reasonable agreement would ex- 
hibit a decrease in biological value on heating. 

The most usual effect of heat on the nutritive qualities of food proteins is 
a depressing one, well illustrated by the recent work of Stewart, Hensley, 
and Peters (52) on oats and mixed cereals. 

We would like to present a somewhat intensive study of the changes that 
occur in cereal proteins during heating, first, with reference to their digesti- 
bility and biological value for the immature and the mature rat, and, then, 
with reference to the content of raw and heated proteins in the essential 
amino acids. 

The cereals studied were an oat-corn-rye mixture sold as a breakfast 
food,® and rolled oats. The method of assay of protein (nitrogen) digesti- 
bility and biological value was essentially that described by Mitchell (34),‘ 
with young growing albino rats, and, later, mature rats. 

The average digestibilities and biological values of the nitrogen of the 
unheated, the partially processed (pelleted), and the fully processed (ex- 
ploded) cereal mixture are given in Table IV, together with the results ob- 
tained with raw and cooked rolled oats. The differences between average 
results, with their standard errors, are as follows: 


Differences with st 


Digestibility Bi yh gical value 

Cereal mixture, unprocessed rs. 2.84 + 0.74 0.42 + 0.74 
pelleted 

Cereal mixture pelleted rs. fully pro- 3.58 + 0.72 11.47 + 1.23 
cessed 

Cereal mixture, unprocessed rs. raw 0.63 + 0.71 2.10 + 0.73 
rolled oats 

Rolled oats, raw rs. cooked 1.63 + 0.68 2.86 + 1.00 


Such an analysis reveals that the pelleting of the cereal mixture defi- 
nitely depressed the digestibility of the protein, without appreciably affect- 
ing its biological value. Further processing, involving treatment under 
high steam pressure (gun explosion), definitely and considerably lowered 
both the digestibility and the biological value of the protein. The raw 
rolled oats contained protein definitely, if only slightly, superior in bio- 
logical value to the protein of the oat-corn-rye mixture, though no more 
digestible. Cooking the rolled oats in accordance with the recommended 
domestic practice probably lowers the digestibility of the protein, and 
increases slightly the biological value. 


® Pufied oat cereal No. 1. 
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The data reported in Tables V, VI, and VII were obtained with growing 
rats in a succession of three experimental periods, the standardizing period 7 


TaBLe IV 


True Digestibility and Biological Value of Nitrogen of Cereal Products before and after 
Processing, for Growing Rats* 








| No. of « 
Products a True digestibility | Biological value 
tions 

™ _ " per cent 7 per cent 
Oat-corn-rye mixture, unprocessed........ 12 91.67 + 0.56 | 62.67 + 0.48 
ue " EE | 12 | 88.83 + 0.49 | 62.25 + 0.5% 
” ‘¢ + fully processed....| 24 85.25 + 0.53 | 50.78t + 1.10 
Ee ere 30 92.30 + 0.43 | 64.77 + 0.55 
- NR oi vec Rida ined | 24 90.67 + 0.53 | 67.63 + 0.83 


* These determinations were carried out in the research laboratories of General 
Mills, Inc., by Miss Claire A. Frederick under the supervision of Dr. C. G. Ferrari, 

t Puffed oat cereal No. 1. 

t Average of eighteen determinations. 





TaBLE V 
True Digestibility and Biological Value for Growing Rats of Nitrogen of Oat-Malted 
Wheat Flour Mixture before and after Heat Processing (Gun Explosion) 























| Processed mixture* Unprocessed mixture 
Rat No. } Period No. | ro ee Period No. ee ; . 
| | agit | cee” | aquthttny | cles” | 
| gestibility u tibility alue 
per cent | percent | percent | percent 
96M. | 1 | 86 53 | 3 90 64 
7 | 1 83 | 50 3 | 91 64 
99 “ 1 87 | 83 i it.-f @ 65 
101 F. 1 ss | 58 | 8 91 65 
103 “ 1 85 | 61 3 O4 70 | 
96 M. 3 83 | 8&3 1 91 70 | 
s@“ | 3 83 | 51 1 92 64 
100 “ 3 84 | 83 | 1 92 | 70 
102 F. 3 80 | 49 | 1 | 94 64 
104 “ 3 | 82 | a | 1 | 59 
re | 84.1 | 651.8 | 91.9 65.5 





* Puffed oat cereal No. 2. 


being the second, while the first and third periods were planned so that each 
rat received each of the test foods, half of them in one order and half in the 
reverse order (for further details of the procedure, see (37)). 
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TaBLe VI 


True Digestibility and Biological Value for Growing Rats of Nitrogen of Processed 
Oat-Malted Wheat Flour Mizture* and of Rolled Oats 




















| Oat mee een flour | Rolled oats 
Rat No. | Period No. ____| Period No. | 
True | Biological True Biological 
digestibility value digestibility value 
per cent per cent | per cent per cent 
55 M. | 1 | 83 | 61 3 90 69 
g* | 1 84 | 48 3 91 65 
sg“ | 4] 88 | 50 3 93 70 
61F. | 1 84 | 48 3 94 68 
eo“ | 1 7 | 45 3 97 73 
56M. | 3 | 90 52 1 91 65 
58 “ | 3 | 87 | 50 1 94 67 
a“ | 3 | 89 | 54 1 91 67 
QF. | 3 | 87 | 55 1 91 58 
64 “ 3 89 | 56 1 97 58 
IID 5s cower | 86.8 | 650.9 92.9 66.0 














*Puffed oat cereal No. 2. 


TaBLeE VII 


True Digestibility and Biological Value for Growing Rats of Nitrogen of Uncooked 
Rolled Oats and of Oat-Corn-Rye Mizture* 























| Rolled oats | Oat-corn-rye mixture 
Rat No. Period No. | | Period No. 

True | Biological | True Biological 
| digestibility value digestibility value 
| | per cent per cent | per cent | per cent 

115M. | 1 91 | 67 3 90 | 63 
117 « 1 | 9 | 71 | 8 92 | 63 
19F. | 1 | 90 | 73 3 91 | 62 
121 “ | 1 93 68 | 3 92 63 
123 M. 1 | 90 | 67 3 93 | 62 
2m“ | 1 | 9 | 65 | 38 | | 64 
16“ | 3 | 90 | 67 1 | 9 | 64 
118 “ 3 | «Ol | 66 1 | 93 | 64 
120 F. 3 90 | 68 1 | 92 | 67 
— | § S | Qyd «deme ae | 71 
124 M. 3 91 67 1 92 63 
126 “ 3 | 92 67 1 93 63 
Averages............| 90.6 | 67.9 | | 92.2 | 641 





* Puffed oat cereal No. 1. 
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With a slightly modified cereal mixture consisting mainly of oats, it is 
apparent from Table V that the gun explosion process lowered the digesti- 
bility of the proteins by 7.8 percentage units and the biological value by 13.7 
percentage units. The proteins of the processed cereal mixture were also 
inferior to the proteins of rolled oats, both in digestibility and in biological 
value (Table VI). The oat-corn-rye mixture, unprocessed, contained 


TaBLe VIII 


Replacement Value of Nitrogen of Processed Oat-Corn-Rye Mizxture* on That of 
g ‘ . 
> 


Unprocessed Mixture for Adult Male Rats, Comparing Each Rat with Its 
Pair Mate in Same Experimental Period 








. nist 
_ Rat No. Source of protein oe sel = ane = Replacement 
e) a er da aiue 
me m p en 
1 21 Processed mix 119 2.31 
22 Unprocessed mix 120 +15.58 13.27 89 
23 Processed mix 119 +3.86 
24 Unprocessed mix 120 22.58 18.72 st 
25 Processed mix 119 —4.66 
26 Unprocessed mix 120 +25.64 30.30 75 
27 Processed mix 119 +1.63 
28 Unprocessed mix 120 +15.06 13.43 89 
29 Processed mix 127 +2.44 
30 Unprocessed mix 128 —2.91 —5.35 104 
2 21 Unprocessed mix SM +9.57 18.81 738 
22 Processed mix Ss —9,24 
23 Unprocessed mix S4 +6.59 14.90 82 
24 Processed mix “4 —§8.31 
25 Unprocessed mix S4 —2.00 6.75 92 
26 Processed mix s+ —8.75 
27 Unprocessed mix S4 +1.82 9.98 8S 
28 Processed mix “M4 —8.16 
29 Unprocessed mix oO) +1.66 13.64 85 
30 Processed mix 91 —11.98 
Average 86.6 


* Puffed oat cereal No. 1. 
somewhat more digestible proteins than rolled oats, but with a somewhat 
inferior biological value (Table VII). 

Additional evidence of the injurious effects of the gun explosion process 
on the nutritive value of the proteins of cereals is afforded by the data 
collected in Table VIII on the nitrogen metabolism of mature albino rats. 
In these experiments, the rations contained only 4 or 5 per cent of the test 
proteins, as contrasted with the tests on the growing rats, which received 
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rations containing about 10 per cent of protein. The lower protein require- 
ments of maturity, as compared with adolescence, dictated such a change. 
In the two experimental periods, the diets were reversed for all rats, and a 
system of paired feeding was adopted whereby paired rats received equal 
amounts of their respective diets. The nutritive efficiency of the compara- 
tive proteins was judged entirely on the basis of the nitrogen intake and the 
balance of nitrogen. The replacement values of processed on unprocessed 
cereal proteins were computed in accordance with the scheme proposed by 
Murlin, Nasset, and Marsh (53); namely, 100 minus the difference in nitro- 
ven balance on the two test proteins expressed as a percentage of the intake 
of nitrogen. In the present case, a replacement value less than 100 indi- 
cates the inferiority of the processed protein. 

In nine of the ten comparisons presented in Table VIII, the processed 
protein proved to be inferior to the unprocessed protein. The average re- 
placement value was 86.6, indicating a heat damage of 13.4 per cent. In- 
spection of the complete data of this experiment reveals that this damage 
results in about equal degree from an impairment in digestibility and an 
impairment in metabolic utilization, as measured by the biological value. 

The data presented above reveal a marked depression in the digestibility 
and the biological value of the proteins of cereal mixtures subjected to the 
extreme heat of the gun explosion process of breakfast food manufacture. 
This depression is evident in the nutrition of maturity, as well as in ado- 
lescent nutrition. However, when these “‘puffed”’ cereals are consumed 
with the usual proportions of milk, the nutritive value of the mixed pro- 
teins is high, owing to the marked supplementary relations existing between 
the proteins of cereals and of milk.’ 

The data also reveal that oat protein, subjected to domestic cooking, is 
not impaired in nutritive value, but that the protein of uncooked rolled 
oats is definitely superior to that of the cereal mixtures tested, whether 
processed or unprocessed. 

In order to determine whether these changes in nutritive value of cereal 
proteins were associated with changes in their contents of the essential 
amino acids, analyses for the latter were carried out by one of us (R. J. B.) 
upon the unprocessed, the pelleted, and the exploded cereal mixture and 
upon uncooked rolled oats. The results are assembled in Table IX. The 
methods used in these analyses are indicated in Table X. These methods 
were the same as those used to obtain the amino acid content of whole egg 


* Thus, the heat-damaged cereal mixture, for which data are reported in Table V, 
when consumed (by growing rats) with a 1:1 milk-cream mixture in the proportion of 
| part of dry cereal to 4 parts of milk-cream, exhibited a protein digestibility of 93 per 
cent and a biological value of 85. These values apply, of course, to the mixed 
proteins. 
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TABLE IX 


Amino Acid Content of Processed and Unprocessed Cereals; All Values Calculated to 
Protein Containing 16 Per Cent Nitrogen 





Oat-Corn-Rye Mixture* 























Amino acid eae Rolled oats 
Unprocessed | Pelleted | Pelleted and 
exploded 
| per cent per cent per cent per cent 
eee. ksi 5.0 5.4 5.0 5.8 
Histidine....... | 1.9 2.0 2.1 1.9 
Lysine....... 2.1 2.0 2.2 1.9 
Tyrosine. . 4.3 4.1 | 4.0 | 4.1 
Phenylalanine 5.6 5.5 6.0 5.4 
Tryptophane . 1.1 1.1 1.1 3 
Cystine... 1.6 1.7 1:5 1.4 
Methionine............| 2.4 2.4 2.5 2.1 
Threonine. ........ 3.6 3.9 | 3.5 3.2 
eer 8.8 8.7 | 8.8 | 8.9 
Isoleucine............ eae +°* ge -T gaol Ce 
et | 62 | 60 | 58 | 56 
* Steps in the manufacture of puffed oat cereal No. 1. 
TABLE X 
Amino Acid Methods Employed 
| | No.of | No.of 
Amino acid | Method | Type of hydrolysis | hydro- de 9 
| | | ke nations 
Arginine. .......| Kossel-Bloek isolation 8 n H,SO, 4 | 4 
Histidine. ...... - = ee | 4 | 4 
Lysine. .........| ¢ “ Sf: * | 4 | 4 
Tyrosine....... Millon-Lugg colorimetric 5 ‘* NaOH 2 | 8 
Phenylalanine...| Kapeller-Adler .- * $i 8 
Tryptophane....| Millon-Lugg a ee oT 8 
CPOEEEO. ... 000. | Fleming-Vassel ‘“ | Formic acid-HCl; 2 | 8 
Methionine......| McCarthy-Sullivan colori- | 18% HCl 2 | 6 
| metric 
Threonine. ...... | Block-Nicolet oxidation | 18“ “ 2 6 
Leucine. ........| Microbiological Su C“* 2 20 
Isoleucine...... ” a = 2 20 
eee a i | 2 20 





proteins (Table I), with the following exceptions: threonine was determined 

by the oxidation method of Shinn and Nicolet (54), and lysine by the micro- 

biological method of Dunn et al. (55), as well as by isolation as the picrate. 
It will be noted from the data in Table IX that the amino acid content of 
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the proteins of the oat-corn-rye mixture has not been altered appreciably, 
either by the heat involved in the pelleting process or by the more severe 
heat used in the gun explosion process. In particular, the lysine content 
shows no evidence of impairment, a fact of interest because lysine is the 
amino acid limiting the nutritive value of cereal proteins. Here we have, 
therefore, a definite impairment by heat of the digestibility and biological 
value of the proteins in a cereal mixture (Tables V and VIII), with no 
apparent destruction of the essential amino acid, lysine, limiting the bio- 
logical utilization of the proteins (Table [X). Block, Jones, and Gers- 
dorff (56) showed that the lysine content of casein was not impaired by ex- 
posure to dry heat at a temperature of 150°. It was suggested that this 
treatment may have brought about a molecular rearrangement ‘‘so that a 
part of the lysine precursors (rests) become resistant to enzymatic degrada- 
tion.” The formation of a new peptide linkage between the e-amino group 
of lysine and a free carboxy! group of other amino acids is a possibility. 

The data of Table IX fail to suggest, much less indicate, any essential 
difference in the protein value of rolled oats and of the oat-corn-rye mixture, 
although the results of the test on immature rats presented in Table VII 
reveal a very distinct superiority in nutrition of the proteins of oats over 
those of the mixture, and Table VI presents evidence on growing rats of the 
superiority of oat proteins over those of a similar cereal mixture. Possibly 
those differences in biological value are well within the analytical error of 
amino acid methods. 

A depression of the nutritive value of proteins by heat without involving 
amino acid destruction is conceivable on the following grounds. (1) The 
digestibility of the protein may be depressed without incurring amino acid 
destruction, as Seegers and Mattill (57) found for heated liver preparations. 
(2) A decreased digestibility may involve the elimination in the feces of a 
protein fraction containing disproportionate amounts of certain amino 
acids, as Jones and Waterman (58) found for the protein, arachin. (3) 
The application of heat to a protein may promote certain combinations 
between terminal groupings that are resistant to proteolytic action, re- 
sulting in atypical peptides that may be absorbed as such (59, 60) and 
excreted in the urine. 


SUMMARY 


1. The relationship of the amino acid constitution of a protein, or of the 
protein component of a food product, to its nutritive value for the growing 
rat can be best revealed, in the absence of accurate values for the amino 
acid requirements, by computing for each protein, or protein moiety, the 
percentage deviations of the contents of each essential amino acid, expressed 
per 16 gm. of nitrogen, from the corresponding contents of a protein mix- 
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ture, such as that of whole egg, that is almost completely digestible by the 
rat and utilizable in adolescent metabolism. This has been done for a series 
of twenty-eight proteins and protein mixtures for which satisfactory ap- 
alvses have been secured for all of the essential amino acids. 

2. From such computations, the essential amino acid limiting the nutri- 
tive efficiency of the protein will be revealed as that one whose percentage 
deficit from that of the standard protein (whole egg) is the greatest, due 
consideration being given to the reciprocal relation existing between cystine 
and methionine in anabolism. The limiting amino acids thus indicated 
agree with those determined in feeding experiments with only one or two 
exceptions. 

3. The proteins of foods may be ranked in the order of decreasing nutri- 
tive efficiency on the basis of increasing percentage deficits (as above de- 
fined) in their respective limiting essential amino acids. ‘These percentage 
deficits are highly correlated (r = —0.86) with the corresponding biological 
values determined by the nitrogen metaholism method. Little or no 
correlation ‘exists between the chemical ratings of the proteins and their 
digestibility by the growing rat. 

4. The biological value of a protein (y) may be roughly estimated from 
its maximum percentage deficit in an essential amino acid (x) by the equa- 
tion: y = 102 — 0.6342. 

5. However, there are known instances in which the biological value of 
a protein, or protein mixture, and its chemical rating do not agree, for 
various reasons discussed in the text. 

6. In particular, the nutritive value of cereal proteins may be greatly 
impaired by the application of heat with no demonstrated alteration in 
their content of the essential amino acids. 

7. A basis for predicting the effect of heat on the biological value of a 
food protein is suggested. 
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CHANGES IN THE INORGANIC CONSTITUENTS OF 
DEVELOPING SALMON EGGS* 


By F. R. HAYES, D. A. DARCY, anv C. M. SULLIVAN 


(From the Zoological Laboratory, Dalhousie University, Halifax, Nova Scotia) 
(Received for publication, January 17, 1946) 


Changes in the distribution of sodium, potassium, calcium, magnesium, 
chloride, and phosphorus have been followed during the early development 
of Salmo salar. Needham (1) gives the constitution of undeveloped fish 
eggs; the literature on changes during development is referred to below. 

A sample of unfertilized celomic eggs from one fish was bottled in celomic 
fluid for analysis, and the rest of the eggs from this female were moved from 
the hatchery to the laboratory 2 days after fertilization and reared there. 
The analyses given below of celomic fluid, celomic eggs, and water-hardened 
eggs 2 days after fertilization all refer to products of this same parent 
salmon. When the eggs from the first fish were used up, those from a sec- 
ond one were brought in, and still later eggs from a third female were 
used, the work being continued up to the time of complete absorption 
of the yolk sac. ‘The first lot averaged 118 mg. in celomic fluid and 138 mg. 
when developing; results from the second and third lots have been recal- 
culated to this basis. Weights of yolks and embryos were obtained in 
part by direct weighing and in part from unpublished data of Armstrong. 
Yolk is taken as 59 per cent water and embryo as 86 per cent water (2). 
Fertilization has been called —50 days and the central hatching date 
zero; intermediate times were recalculated accordingly. In placing the 
batches with reference to one another, use was made of the stages de- 
scribed by Pelluet (3). 


Methods 


Analyses were made of the whole eggs, larvae, yolks, and embryos. 
A larva is an embryo with the yolk sac attached or, expressed differently, 
the whole egg minus capsule and perivitelline fluid. Dissection of the 
embryo from the yolk sac was first practicable at — 18 days. 

Preparation of Samples—Wet ashing with nitric acid in a Kjeldahl 
flask (4) was successful but required 50 hours. A great shortening of 
time was made possible by the perchloric-nitric method of King (5). 
As an alternative to ashing, trichloroacetic acid extracts were made. 
The material was first frozen on sand in a mortar; it was then ground 


* Investigation aided by grants from the Penrose Fund of the American Philosophi- 
cal Society and the Canadian National Committee on Fish Culture. 
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until smooth, with gradual addition of acid, and quantitatively trans. 
ferred to a centrifuge bottle, shaken for 10 minutes, centrifuged, and filtered. 
the resultant clear solution being used for analysis of all four metals as 
well as phosphorus. Usually 50 to 100 specimens were subjected to ashing 
or extraction. 

Potassitum—The method followed was that of Kramer (6), ceric sulfate 
being used in the final titration (7). 

Sodium—The procedure was basically that of Ball and Sadusk (8), 
suggested modifications (9) being found unnecessary. 

Magnesium—The method was that of Greenberg ef al. (10, 11), calcium 
and iron being removed as a preliminary. 

Calctum—The method of Larson and Greenberg (12) was followed, 
certain modifications (13, 14) having been tried and found unnecessary. 
Chioride—The method of Van Slyke (15) was used. 

Phosphorus—For the inorganic fraction the trichloroacetic acid extract 
was used; total phosphorus was determined in dissolved wet ash. The 
colorimetric method of Fiske and Subbarow (16) was followed. 

Bicarbonate—The bicarbonate value of the celomic fluid was kindly 
obtained by Dr. E. C. Black, for whose methods see earlier papers (17, 
18). All of the CO. was calculated as bicarbonate. As to eggs, the bi- 
carbonate figure for yolk was obtained from data for Salvelinus fontinalis 
of Irving and Manery (19) who found 1.39 volumes of CO) per cent wet 
weight during earliest development, half of which was bicarbonate. Taking 
an egg as 67 per cent water (20) and dividing by the gm. molecular volume, 
one obtains 


1.39 100 10 
4 —e. =(05 
2 67 22.4 


milliequivalent of bicarbonate per kilo of egg water, a negligible amount. 


Celomic Eggs and Celomic Fluid 


The ovarian or celomie fluid, which appears rather suddenly just at 
the time of hatching (21), is clear, limpid, and slightly translucent. It has 
1.30 per cent of solids, a specifie gravity of 1.0070 at 20°/4°, and contains, 
in milliequivalents per kilo of water, Na 151, K 3.2, Ca 7.1, Mg 2.6, Cl 
116, HPO, 4.0, HCO; 13.4. In the Salmonidae the ripe eggs lie freely in 
the celom. Fig. 1 compares celomic fluid with the eggs in it, the latter 
being called ‘‘early yolk.” 

The conclusions to be drawn from Fig. 1 are that in the celomic fluid (1) 
sodium is the dominant base, and chloride is the dominant acid; (2) the 
base found is 31 milliequivalents in excess of the acid found, which indicates 


that protein is used for binding base; (3) the relative distribution of ions 
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is in accord with analyses of sea water and vertebrate serum (22); im the 
celomic eggs (4) potassium is the dominant base, but large proportions of 
calcium, magnesium, and sodium are found as well; (5) there is a large 
excess of base over acid, namely 204 milliequivalents, to be accounted for 
by assuming that some of the protein is used for base-binding, and that 
most of the Ca and Mg is not ionically active (see below). 

The freezing point depressions, A, of celomic eggs and celomic fluid have 
been calculated from base to see whether the analyses are in general agree- 
ment with A as directly observed. Some values from the literature for 








TEs] HPO, & HePO, | LATE EMBRYO 























EARLY EMBRYO 





LATE YOLK 








EARLY YOLK 











HPO, 









COELOMIC FLUID 
MEQ. PER KG. WATER 
0 50 100 150 200 250 300 


Fic. 1. A comparison of the ionic constitution of the celomic fluid, yolk, and 
embryo. The cryoscopic line is based on data from the literature. Only inorganic 
phosphorus is considered, and it has been assigned a valence of 2 in the celomic 
fluid, 1 in the yolk, and 1.8 in the embryo. 
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this quantity are assembled in Table I together with our own calculations. 
From Table I the following conclusions may be drawn: (1) Ripe eggs in 
the celom are somewhat hypertonic to the blood (25, 26), while the celomic 
fluid is markedly hypotonic to blood (21, 23, 24). The follicular fluid of 
the cow and pig is also hypotonic to blood (27). (2) The total base of the 
celomic fluid accounts correctly, on assumptions made, for the osmotic 
pressure reported in the literature, while the total base of the egg, when 
assumed to be osmotically active, gives results that are one-third higher 
than reported cryvoscopie measurements (present work). (3) If in the 
eggs only Na and K are considered as participating in osmotic activity, 
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the calculated A is only slightly lower than the observed A (present work), 
If it is assumed, as is usual, that all or nearly all of the Na and K js 
active, it follows that only a small portion, 10 to 15 per cent, of the Ca and 
Mg is osmotically active, the remainder being organically bound. 
Schmidt-Nielsen and Schmidt-Nielsen (26) found that the juice from 
cooked salmon muscle gave a A value of 0.994, or about the same as our 
calculated total base value for eggs. Some bound salt was doubtless 
liberated by the boiling. In the yolk of the hen’s egg, A calculated from 
analyses is 1.22, while the observed value is only 0.60 (28). The value of 
A for chick yolk has been reported as even lower; namely, 0.42 to 0.45 


Tase [ 
Comparison of Observed Values of Freezing Point Depression, 4, of Anadromous 
Salmonids in Fresh Watér at Spawning Time with Calculated 
Results of Present Analyses 














| not | Caen | Pam 
Salmo salar Atkins (23), 1 female 0.560 
| This paper, calculated from total 0.555 0.948 
| base 
This paper, calculated from Na and 0.599 
K only 
" salvel- | Bogucki (24), both tests from same 0.615 0.640 
inus (syn. fish 
alpinus) Runnstrém (25), whole blood and | 0.636 0.645 
eggs from different fish 
Schmidt-Nielsen and Schmidt-Niel- | 0.620 0.642 
| sen (26), average of 2; serum and | 
| eggs from same fishes | 
Oncorhynchus | Greene (21), average of 6 females; | 0.602 0.552 








tschawytscha | both tests on each; serum and | 
| whole blood the same | 





(29, 30). For trout yolk it remains unchanged throughout development 
(31). 


Tonic Changes When Egg Is Laid 


When an egg is laid, it is normally fertilized and at the same time water- 
hardening begins, the latter process being independent of fertilization. 
To the discussion given by Hayes and Armstrong (2) we now add in Table 
II the evidence of direct analysis. There is evidently a small loss of certain 
ions; the diminution in base would lower the osmotic pressure by about 
3 per cent. As to anions, while we found an 8 per cent loss of chloride, 
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Manery and Irving (20) report that no loss occurs in Salmo gairdneri 
eggs. The other anion, inorganic phosphate, represents only one-quarter 
of the total phosphorus; so that a change might mean either loss from the 
egg or conversion into organic phosphorus. 

The bottom line of Table II gives the only previous salmon egg analysis 
found (4). The results, except for calcium, are somewhat lower than ours 
but show substantial agreement especially in ratio to one another. 


Osmotic Relations of Yolk and Embryo 


Fig. 1 is a barograph of conditions shortly after the beginning, and at the 
time the yolk is nearly used up. Except as otherwise noted the values 
are taken from the smoothed curves of Fig. 3. The line in Fig. 1 marked 
“eryoscope” is based on the data for Salmo salvelinus in Table I, which 
presumably apply to yolk after water-hardening, as well as before. It 


TaBLeE II 


Changes in Salt Concentration As Result of Transfer of Eggs from 
Celomic Fluid to Water 


The values are in mg. per 118 mg. of yolk, which has 59 per cent water. The bot- 
tom line gives analyses of Bialaszewicz (4) on Salmo salar celomic eggs, adjusted 


to a 118 mg. yolk. 





Material | Na K | Ca Mg Cl ganic P 

















Inor- | Total 
| P 
le 0.067| 0.363! 0.084] 0.081! 0.195! 0.096 
Fertilized egg in water..............| 0.060! 0.363) 0.077) 0.081) 0.180) 0.081) 0.558 
SS eer 10 0 8 0 S 16 
ESI eee eater 0.283, 0.122 0.053; 0.141) 0.411 








shows the concentration of mixed base which corresponds to a freezing point 
depression of 0.64°._ The extension of the cryoscope line across the embryo 
suggests that embryo and yolk are isotonic, which is probably true. 

The large stores of calcium and magnesium in the yolk remain unchanged 
in concentration during development, but the potassium concentration 
diminishes so greatly that it is necessary to assume that most of the formerly 
inactive calcium and magnesium come to participate osmotically. The 
utilization of organic material for inetabolic purposes would free salt 
and increase the inorganic phosphorus. 

Bialaszewicz (32) developed an ingenious technique to separate the 
“dispersed phase’’ or colloidal phase with its non-participating inorganic 
constituents from the “intermicellar liquid.” In Salmo fontinalis yolk 
he found that the following percentages of the substances named were 
organically bound, hence inactive: K 11, Na 49, Ca 73, Mg 68, Cl 0, total 
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P 90. His method is theoretically sound and the general conclusions th 
warranted. The results, however, present quantitative difficulties which ce 





have been discussed by Krogh (33). 

The early embryo has a quantity of base which agrees with cryoscopie 
tests and could be reasonably thought to be almost wholly active. The 
same would be true of the late embryo were it not for the striking increase 
in calcium and phosphorus, the excess of which must be inactive. | 
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Fic. 2. A comparison of the loss of each mineral from the yolk with the gain by the 








embryo. When the embryo curve is above the yolk curve, an uptake from the sur- 

rounding water is indicated. This is so in the case of sodium and calcium. The 
other substances sustain loss during development. Fertilization occurred at —530 - 

days. 
ph 
Changes During Development 

To illustrate the ionic trends Figs. 2 and 3 have been drawn. In Fig. it 
2 the yolk loss is obtained by subtracting the later weights from the initial | = 
“ yolk value; thus it was found that at —7 days the yolk contained 0.288 ™ 
mg. of potassium. The initial store being 0.363 mg. (Table II), the, ia 
point on Fig. 2 for —7 days is placed at (0.363 —0.288) or 0.075 mg. The | hs 
potassium of the embryo on that day was 0.055, which is plotted as “gain ps 
by embryo.” In Fig. 3, dealing with concentrations, experimental points T, 
have been set down for those ions which appear to exhibit a trend, but | a 
where no trend was apparent only the average level has been placed on the 68 


chart without supporting points. The degree of scattering of points about 
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the horizontal lines is indicated by the following list, which shows the per 


cent probable errors 
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Fic. 3. Changes in mineral concentration in the yolk during development. The 
four elements to the right have been considered as constant, because no trend could 
be observed. For their fluctuations, which were considerable, see the text. Phos- 
phorus has been assigned a valence of 1 in the yolk and 1.8 in the embryo. 


It may be noted that the milliequivalents per kilo of water will be less 
accurate than mg. per specimen, since in the former there are combined 
with the analytical errors those of weight and water content. 

Sodium—As Fig. 2 shows, there is an uptake of sodium from the sur- 
rounding water, which appears to begin rather suddenly at the time of 
hatching. By the time the yolk sac has disappeared the embryo contains 
over twice as much sodium as the egg had at the beginning (for which see 
Table II). In the matter of concentration, the fluctuations appear to be 
random, and it is concluded that the yolk maintains 32 and the embryo 
68 milliequivalents per kilo of water. 

Potassium—The concentration of potassium in the embryo shows no 
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trend but remains fixed at some 86 milliequivalents per kilo of wate; 
(Fig. 3). Leulier and Paulant (34) have followed potassium in rainbow 
trout larvae from the time of three-fourths absorption of the yolk ga¢ 
until the young fish had a wet weight of 10 gm. They found a constant 
value only slightly higher than ours, some 95 to 100 milliequivalents per 
kilo of water. It thus appears that the level of potassium established at 
the earliest stages is permanently maintained. 

The source of the embryonic potassium is the yolk, which starts out with 
130 milliequivalents but is steadily denuded as development proceeds, until 
at the end potassium is the most scarce of the ions studied (Fig. 3). So 
far as our evidence goes, potassium is also the only ion for which a specific 
selective power by the embryo from the yolk can be demonstrated. Evi- 
dently the egg is provided with barely enough potassium to carry the 
embryo through to feeding time, but in spite of this, there is some loss to the 
outside, as Fig. 2 shows, so that the larval system is not wholly efficient in 
conserving its stores. Fig. 2 indicates that the loss begins before hatching, 
when the capsule becomes permeable (35). It is interesting that 
the developing larva, in spite of the shortage of potassium, is unable to 
absorb any from the water. 

Calcium—Absolute calcium values are shown in Fig. 2. It will be seen 
that, beginning at about the time of hatching, the embryo gains a great 
deal more than the yolk loses, which represents uptake from the surrounding 
water. This finding confirms work on the brook trout by McCay et al. 
(36, 37) who found only 0.008 mg. of calcium per specimen in “green eggs,” 
but 0.035 in fry with the yolk sac absorbed. When allowance is made for 
the difference in egg size, their results are a little over half as high as ours. 
In another paper (38), McCay and Tunison observed an uptake of calcium 
from the water in older trout and say, ‘““This experiment shows clearly why 
we have failed to produce any disease resembling rickets in trout when we 
fed diets low in calcium and high in phosphorus. Our experiments do not 
indicate whether this calcium is absorbed through the gills or from the 

gastro-intestinal tract.’’ As the foregoing statement suggests, the con- 
centration of calcium in the embryo increases steadily as development 
proceeds (Fig. 3). The increase is paralleled by that of inorganic phos- 
phate, so that these two materials form the dominant inorganic con- 
stituents of the embryo in later development. In the yolk the concentra- 
tion of calcium shows only random fluctuations with a constant mean 
value of 65 milliequivalents per kilo of water (Fig. 3). 

Magnesium—Concentrations (Fig. 3) remain constant at 100 and 27 
milliequivalents per kilo of water for the yolk and embryo respectively. 
In absolute values (Fig. 2) there is a steady loss from the larval system, the 
egg being provided with twice as much as the embryo requires. 
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Chloride—The curves of Fig. 2 suggest that all of the loss occurs before 
hatching, and that there is no later loss or gain. Hence the embryo at the 
end contains almost as much chloride as the egg had at the start. As 
regards concentration, the embryo and yolk maintain constant and very 
nearly equal values throughout, namely 56 and 60 milliequivalents per kilo 
respectively. In a study of the trout egg as a whole, Manery and Irving 
(20) found a decline in chloride from some 60 milliequivalents per kilo of 
water in early stages, to 43 milliequivalents at the time of hatching, which 
is materially larger than that in the salmon. 

Phosphorus—Results shown. are probably approximately correct for 
yolk, but, for later embryonic values, a certain quantity of “labile organic 
phosphorus” in muscle may have been counted as inorganic P. On a test 
of a larva some time after hatching, 21 per cent of what is here called 
inorganic P turned out to be acid- and water-soluble organic P (method of 
Fiske and Subbarow (39)). Since the yolk is acid (40), we have here 
assumed a valence of 1. In the embryo, where the cells are approximately 
neutral and the intercellular fluids alkaline (41), the valence assigned is 1.8, 
as is given for mammalian body fluids which, as Shohl (42) points out, is 
merely a convention. The larval system shows a loss of phosphorus during 
development, probably beginning before hatching (Fig. 2). As against 
our finding here, McCay and Tunison (36) report that Salvelinus fontinalis 
takes up phosphorus during development, and even in early egg stages. 
They state, however, that “it is possible that the increases in the eggs are 
due to analytical errors”’ and, their larval stages having been fed, the values 
are not comparable to ours. They find at the start, allowing for difference 
in egg size, only one-half as much phosphorus as we do. In the embryo, in- 
organic P increases in concentration (Fig. 3), paralleling an increase in 
calcium. The marked rise begins some time after hatching, but it is not 
clear where the extra Ca and P go, for bone has not yet formed and 
cartilage does not contain excessive quantities (43); possibly calcified 
cartilage may be formed. Organic P was followed throughout development, 
showing an average value of 9.6 + 0.7 gm. per kilo of wet weight. No 
concentration trend could be demonstrated. In the earliest observations 
there was, in mg. per embryo, 4 times as much organic as inorganic P, but, 
by the time the yolk had disappeared, the inorganic P had risen to nearly 
twice the organic. In the yolk sac, inorganic P appears to increase in 
concentration during development (Fig. 3). If the increase is genuine, 
it presumably means that a mechanism exists in the cells surrounding 
the yolk for breaking down the protein preparatory to transfer to the 
embryo and thus for liberating phosphate. The concentration of yolk 
organic P was found to remain at 8.8 + 0.4 gm. per kilo of wet weight. 
This means that organic P disappears in proportion to the disappearance of 
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the yolk sac as a whole, a natural conclusion when it is remembered that 
the yolk sac (except for water) is largely protein and the organic phosphate 
is largely in the protein. In mg. per specimen, the yolk inorganic P is only 
one-fifth of the organic at the start, but, by the end, it has risen to one. 
half. 

Bicarbonate—The source of bicarbonate values for yolk in Fig. 1 has 
already been discussed. For the embryo, the celomic fluid figure has 
been used. It is assumed that the concentrations in the two phases are 
unchanged throughout development. It appears that yolk bicarbonate js 
negligible in the salmonid, as in the chick (28). Embryo bicarbonate jg 
evidently a minor ion. 


SUMMARY 


Sodium, potassium, calcium, magnesium, chloride, and phosphorus have 
been estimated in celomic fluid, and followed in developing yolks and 
embryos of the salmon. In the fluid bathing the ripe eggs, sodium chloride 
is dominant, with other ions approximately in the ratios found in sea water 
or serum. In the eggs potassium dominates, but there are also large 
proportions of calcium, magnesium, and sodium. Base found greatly 
exceeds acid found, leading to the view that most of the calcium and mag- 
nesium are not osmotically active. Calculations of osmotic pressure sug- 
gest that celomic fluid is hypotonic to eggs. Upon transfer from celomic 
fluid to water, at the time of fertilization, the egg loses minor quantities 
of sodium, chloride, and calcium, lowering the osmotic pressure of the yolk 
by about 3 per cent. During development, the egg or larva takes up 
caleium and sodium from the environment, the final amounts being re- 
spectively 4 and 3 times the initial store. Losses were observed in the 
other four elements, the most marked being phosphorus. Loss of potassium 
began some time before hatching, thereby providing evidence for the 
permeability of the egg capsule. Expressed as milliequivalents per kilo of 
water, the potassium of the volk virtually disappears; inorganic phosphorus 
shows a small gain; other ions remain constant. Experiments continued 
until the yolk was quite gone. In the embryo, calcium and phosphorus 
concentrations increase to a marked degree, perhaps going to form the 
skeleton; other minerals exhibit no measurable trend. 
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The smallest volume that has been used with commercial photocolori- 
meters is about 1 ml. The sensitivity and optical system of the Beckman 
spectrophotometer (model D or DU) are such that it can be readily adapted 
to volumes of the order of 50 c.mm. (0.05 ml.) without sacrificing length of 
the light path through the colored solution. With volumes of this order of 
magnitude the size of sample required is so small that it has been easily 
possible to devise methods for determining a number of substances of 
nutritional significance on a single sample of finger blood (e.g. vitamin A, 
carotene, ascorbic acid). Since it seems likely that colorimetry or spectro- 
photometry on this scale may prove useful on other occasions, particularly 
with biological material, when the size of sample is limited, the means of 
adaptation is described, together with some data illustrative of the precision 
which can be expected. 

Principle 

Samples are placed in a special cuvette (Fig. 1) which has the usual 1 cm. 
light path but which has a narrow inner width, of 2mm. or less. 50 c¢.mm. 
of liquid will fill this cuvette to a height of about 2.5 mm., thus giving a 
column of the sample with a cross-sectional area of 2 X 2.5 mm. and a 
length of 1 em. In front of the cuvette is placed a diaphragm which 
confines the light beam to a cross-section of less than 2 XK 2mm. This 
slender light beam can pass through the liquid without touching the cuvette 
walls or the liquid meniscus. In order to obtain sufficient light intensity 
for measurements when such a small area of the photocell is used, it is 
usually necessary to widen the spectral band employed; however, the band 
widths used are still narrow in comparison with those of most other photo- 
electric spectrophotometerg or photocolorimeters. Alternatively, the use 
of a more sensitive galvanometer permits the use of narrower spectral 
widths than would otherwise be necessary. 

Equipment 

Cuvettes—These are square cells having inner dimensions of 2 X 10 mm. 

instead of the usual 10 X 10 mm. and are only 25 mm. high (Fig. 1). 
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Except for the height, the outer dimensions are the same as those of the 
standard cuvette. The light path is 10 mm., the same as for the regula 
cuvettes; however, the cross-sectional area is greatly reduced. (Theg 
cuvettes may be obtained in quartz from the Pyrocell Manufacturing Com. 
pany, 207 East 84 Street, New York 28, New York.) 

Smaller cuvettes (1 X 10 mm. inner dimension) requiring 30 c.mm, of 
liquid have also been used successfully, but, since their use is a little 
more difficult, it is recommended that the larger (2 mm.) cuvettes be given 
a trial before attempting to use the smaller ones. 

Diapkragm—Two types (A and B) have been used and both have been 
found to be satisfactory. Type A can be home-made (Fig. 1). A piece of 
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metal of the size and shape of a penny is used. This must just fit the open- | 


ing in the instrument, which leads the light beam toward the cuvette holder. 
A 1.0 to 1.4 mm. hole is drilled through the metal disk about 1 mm. of 
center. The disk is then held in the opening with a piece of Scotch tape and 
turned until the emergent pencil of light passes exactly in the middle be- 
tween the two walls of the cuvette when in place in the carriage. The disk 
is now fastened at just this angle to a very flat thin piece of sheet steel. 
This sheet is about 6 cm. wide by 9 cm. long, with a 3 or 4 mm. hole 2.5 cm. 
from one end. The disk is soldered to the sheet so that the holes coincide 
and the long axis of the sheet is perpendicular. After soldering, the top of 
the sheet is bent at a right angle to form a flange which lies on the top of the 
instrument and keeps the sheet from turning. The cuvettes are now raised 
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on wooden blocks (Fig. 1) until the light beam just misses the bottom of 
the cuvette. (Special adjustable blocks may be obtained from the Pyro- 
cell Manfacturing Company.) As much as possible of the “‘play’”’ in the 
euvette carriage assembly is taken out. The diaphragm may be inserted 
and removed by merely loosening the bolts holding the phototube housing. 
The cuvettes are ordinarily held close to one side of the carriage by a spring 
on the opposite side. When used for the micro cells and when the dia- 
phragm is being adjusted, the carriage should be oriented so as to bring the 
cuvettes as near the diaphragm as possible, since the light beam spreads 
out a little after leaving the diaphragm, and the closer the cuvettes are to 
the diaphragm the less difference this will cause. The cuvettes are num- 
bered and always inserted in the holder with the same orientation. 

Type B, a somewhat more convenient and easily adjustable diaphragm 
attachment, may be obtained from the Pyrocell Manufacturing Company. 
The pinhole or pinholes are carried by a thin strip of brass (Fig. 1) which 
slides in a channel cut in a sheet of metal which is inserted in the spectro- 
photometer between the cuvette carriage assembly and the body of the 
instrument. The sheet of metal is held in exact position by holes drilled 
through it to match the precision pins of the instrument. After the metal 
sheet is inserted, the brass strip is brought to position by sliding it into 
the channel in the metal sheet until the pinhole coincides with the center of 
the cuvette. A stop on the brass strip is then adjusted with a special bolt 
so that the strip may always be brought to exactly this same position. 
Provision is made so that either of two or three different sized pinholes may 
be brought into position without disturbing this adjustment. With this di- 
aphragm the cells are raised on blocks, as described above. With the strip 
removed the instrument may be used with standard cuvettes without 
disturbing the metal sheet. 


Procedure 


Since there is usually a little “play” in the cuvette carriage, the cells 
should always be brought toward their position in front of the light from 
the same direction. If there are any traces of cement remaining on the 
cuvette walls, these should be removed with a needle, etc. The micro 
cuvettes are used like the larger cells except that, for convenience in hand- 
ling, they are left mounted in the carriage. Samples are introduced with 
fine tipped pipettes into the bottom of the cuvettes, and the previous sam- 
ples are removed by suction with a fine tipped glass tube attached to a 
suction pump or aspirator bottle. If the glass tip is slender, 99 per cent 
of the previous sample may be removed, thus eliminating the need for 
rinsing the cuvettes between analyses of a series unless the concentrations 
are widely different. 
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The 2 mm. cells require about 50 c.mm. of solution. The exact amount 
necessary should be determined by pipetting in solution until further addj. , 
tion is without effect. A large cell may be used in the first position in the ' 





holder, which is merely for adjusting the instrument to zero for the parti. 
cular solvent or other blank being used. The small cells should give blank 
readings that differ by no more than about 0.01 on the density scale from 
the first (large) cell, and these blank readings should be reproducible to 1 
within 0.002 on the density scale. 


TaBLe I 


Optical Density of Replicate Samples of Different Volumes Taken from Same Large 
Volumes 
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With the early Beckman instruments a more sensitive galvanometer has 
been found to be advantageous for use with the micro attachment. The 
‘ meter furnished with the instrument is replaced by one with a range of | 
200 microamperes. This is 5 or 10 times more sensitive than the original 
meter and has proved useful for macro as well as micro work. The sensi- 
tive meter is particularly valuable for use with the 1 mm. cuvettes or for 
measurements with larger cuvettes at wave-lengths at which otherwise 
insufficient light is obtained. Under these circumstances, it is sometimes 
necessary to adjust the instrument to zero at the “0.1” knob position. This 
allows the instrument to be used with one-tenth the ordinary amount of 
light, and, with the more sensitive meter, readings may be made asac- |, 
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curately at this setting as when the instrument is adjusted to zero with the 
“check” position of the knob. With later instruments the original sensiti- 
vity is such that a more sensitive meter is not required. 


DISCUSSION 


Table I illustrates readings obtained at 870 mu with 3, 0.05, and 0.025 
ml. of solutions taken from three large volumes of inorganic phosphate 
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Fig. 2. Absorption curves of phosphomolybdous acid with 3 and 0.025 ml. volumes 





of different strengths treated to form the blue phosphomolybdous color. 
(The color was developed with a modified Fiske and Subbarow reagent, 
2.5 per cent ammonium molybdate, 0.6 per cent sodium bisulfite, 0.03 per 
cent sodium sulfite, and 4.5 mg. per cent of 1,4-aminonaphtholsulfonic acid 
in 1.2 n sulfuric acid, by heating 20 minutes at 100°.) 

Fig. 2 gives the absorption curves obtained with the strongest of the 
above phosphate solutions (0.0465 mg. per cent). One curve was obtained 
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with 3 ml. of solution with the narrowest slits possible. The other curve 
was made with 0.025 ml. of solution (10-* mg. of P) and necessarily a wider 
slit. The curves are so nearly superimposable that the second set of points 
was not connected in order to avoid confusion. 

Fig. 3 gives a similar set of curves made with phenylalanine in the ultra- 
violet region. This compound was chosen since its spectrum contains a 
series of very narrow absorption bands. In this case the curves obtained 
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Fic. 3. Absorption curves of phenylalanine with 3, 0.05, and 0.025 ml. volumes 


with 3, 0.05, and 0.025 ml. of solution are not superimposable, since with 
the wider slits required for the small volumes some of the fine detail is 
obscured. However, the difference between the 3 ml. and the 0.05 ml. 
curves is not marked. This illustrates a limitation which should be borne 
in mind if spectra with fine structure are to be measured. This difficulty, 
of course, would not interfere with quantitative measurements made even 
on compounds such as phenylalanine. 
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It is evident that satisfactory results may be obtained with the small 
volumes for both quantitative measurements and absorption curves. 
The 2 mm. cuvettes have proved to be as convenient to use in practice as 
the larger cells. Measurements may be made even more rapidly with the 
50 c.mm. volumes than with larger samples. 

Spectral curves can be made from about 235t0935 my with spectral widths 
not exceeding 3 mu with 25 c.mm. volumes, and from about 225 to 1050 mu 
with spectral widths of not more than 3my with50c.mm. volumes. With 
the type of adaptation described, it does not appear possible to utilize much 
smaller volumes than 25 c.mm., since with still narrower cells the setting 
of the carriage position would become too critical. It will probably be 
necessary to employ instead some other principle for adaptation to lesser 
volumes. 

It has been felt desirable to use a fixed diaphragm with these cells instead 
of providing each cell with its own diaphragm which would then move with 
the cell. The disadvantage of such a movable diaphragm would be that a 
more refined carriage movement would be required. The light beam 
differs in brightness from point to point, as does the sensitivity of the photo- 
tube surface; hence minute differences in the point at which the carriage 
comes to rest would affect the phototube response. 

With the adaptation described it has been possible to devise methods for 
the measurement of ascorbic acid in 0.01 ml. of serum,! vitamin A and caro- 
tene in 0.035 to 0.06 ml. of serum,? and the ascorbic acid in the white blood 
cells and platelets of 0.1 ml. of blood.’ 








SUMMARY 


A description is given for the adaptation of the Beckman spectrophoto- 
meter to the performance of colorimetry and spectrophotometry on volumes 
of 0.05 ml. or less. Illustrative data and absorption curves are included. 
Thus adapted, the measurements on volumes of this order of magnitude are 
as rapid and convenient and very nearly as precise as with larger volumes. 


' Lowry, O. H., Lopez, J. A., and Bessey, O. A., J. Biol. Chem., 160, 609 (1945). 
? Bessey, O. A., Lowry, O. H., and Brock, M. J., unpublished data. 
* Lowry, O. H., Bessey, O. A., and Brock, M. J., unpublished data. 

















A SPECTROPHOTOMETRIC STUDY OF THE COMPETITION OF 
METHEMOGLOBIN AND CYTOCHROME OXIDASE FOR 
CYANIDE IN VITRO 
By HARRY G. ALBAUM, JAY TEPPERMAN, ann OSCAR BODANSKY 


(From the Biochemistry Section, Medical Division, Chemical Warfare Service, 
Edgewood Arsenal, Maryland) 


(Received for publication, February 8, 1946) 


Although the efficacy of induced methemoglobinemia in cyanide poisoning 
has been demonstrated both therapeutically and prophylactically (1),! the 
tissue reactions involved in the protection of animals from the lethal effects 
of the cyanide ion by methemoglobin are only imperfectly understood. 
Presumably, cyanide interferes with cellular respiration by forming a 
slightly dissociable complex with cytochrome oxidase (2-4). Kobert (5) 
first showed that methemoglobin combines with cyanide to form cyanmethe- 
moglobin. The often reported antidotal action of methemoglobin-forming 
substances in cyanide poisoning may then be regarded as a competitive 
reaction between methemoglobin and cytochrome oxidase for cyanide ion. 
It is the purpose of the present work to determine whether this competition 
may be demonstrated in vitro and to obtain some idea of the comparative 
dissociabilities of cyanmethemoglobin and | cytochrome oxidase-cyanide 


complex. 


EXPERIMENTAL 


A spectrophotometric technique based upon the rate of oxidation of re- 
duced cytochrome c was used for the measurement of cytochrome oxidase 
activity (6,7). Since reduced cytochrome c has a sharp absorption peak at 
5500 A, the rate of oxidation can be measured by determining the change in 
absorption of monochromatic light at that wave-length. 

Ideally, the competition of cytochrome oxidase and methemoglobin 
should be studied in a system in which the various components are present 
in known concentrations. *In the present work, practically pure crystalline 
methemoglobin and a purified preparation of cytochrome c were used. No 
purified preparation of cytochrome oxidase was available. A very dilute 
homogenate of brain was used as the source of cytochrome oxidase. 

Adult male rats, weighing about 300 gm., were decapitated and the brains 
quickly removed. In each experiment, the brain was rapidly weighed on a 
torsion balance, transferred to a Waring blendor, and enough iced distilled 
water added to yield a 2 per cent homogenate. The tissue was homogenized 


' Jandorf, B. J., and Bodansky, O., J. Ind. Hyg. and Tozicol., in press. 
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for 2 minutes, after which it was strained through several layers of surgical 
gauze to remove gross particles. This stock homogenate was kept refriger- 
ated at all times. For any experiment, 5.0 ml. of the stock homogenate 
were pipetted into a tube. Water or a solution of sodium cyanide was 
added to a final volume of 10.0 ml.; 0.04 or 0.05 ml. of this diluted homoge- 
nate was used in each run. The cyanide stock solution prepared from 
sodium cyanide was made up in a concentration of 0.01 m and checked for 
cyanide content at various intervals by silver chloride titration. 

Cytochrome oxidase activity was measured in the Beckman spectropho- 
tometer at 5500 A, and a nominal slit width of 1.9 mu. At this wave 
length, reduced cytochrome has a sharp absorption maximum. As the re- 
duced cytochrome is oxidized, the density decreases; the rate of decrease is 
a measure of the oxidase activity. Oxidized cytochrome itself shows some 
absorption at 5500 A,so that the observed values really measure the de- 
crease in density due to the disappearance of reduced cytochrome as well 
as a slight increase due to the accumulation of oxidized cytochrome. If the 
initial concentration of cytochrome is known, as well as the absorption 
coefficients of reduced and oxidized cytochrome, it is possible from the ob- 
served values to calculate the concentrations of either component at any 
time. The fundamental equations have been derived by Haas, Horecker, 
and Hogness (6), and by Altschul, Abrams, and Hogness (7), and were used 
in the present paper to calculate the rate of disappearance of the reduced 
cytochrome. The reaction velocities are expressed in terms of the mono- 
molecular reaction constants. 

Cytochrome c was prepared from beef heart, according to the method of 
Keilin and Hartree (8); crystalline methemoglobin, used in many of the 
experiments to be described, was prepared from guinea pig blood, according 
to the method of Warburg and Reid (9). From one sample of blood (ap- 
proximately 30 ml.), two harvests of crystals were obtained. The first 
assayed 99.2 per cent methemoglobin of the total pigment, the second 95.0 
per cent methemoglobin of the total pigment. 

For any day’s experiments, a solution containing cytochrome c and a con- 
centration of phosphate buffer that would give a concentration of 0.01 m and 
a pH of 7.4 in the final reaction mixture was used. The cytochrome c was 
completely reduced with several crystals of dry sodium hydrosulfite, the 
excess hydrosulfite oxidized by aeration, and enough water added to give a 
volume of 2.95 or 2.96 ml. The density was then read at 5500 A, after 
which 0.05 or 0.04 ml., respectively, of the diluted homogenate was added; 
the contents of the vessel were mixed and timed readings taken, beginning 1 
minute after the addition of the enzyme and continuing at 30 second inter- 
vals for from 3 to 8 minutes. Correction was made for the slight initial 
increase in density due to the turbidity of the enzyme source by measuring 
the turbidity of the homogenate in distilled water. 
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In the experiments in which the effect of methemoglobin on the effect of 
cyanide inhibition was studied, a methemoglobin solution was substituted 
for an equal volume of water. All final volumes were, therefore, maintained 
at3.0ml. Methemoglobin itself absorbs at 5500 A, so that, in those experi- 
ments in which it was used, the observed densities were corrected before the 
changes in cytochrome c concentration were calculated. In several experi- 
ments, preformed cyanmethemoglobin was used. This was prepared by 
reaction of methemoglobin and cyanide in amounts equivalent to those 
present in the final reaction mixture to which these substances were added 
separately. All cyanide concentrations indicated in the text are final con- 
centrations in the reaction mixtures. 

Since the Beckman spectrophotometer has no mechanism for keeping the 
reaction vessels at constant temperature, temperatures of the reaction mix- 
ture were recorded at the end of each determination. Within any series of 
experiments on the same day the variation was never greater than 1.5°. 


Results 

Fig. 1 shows the typical effects of cyanide ion on the rate of oxidation of 
cytochrome c by cytochrome oxidase, as well as the effect of methemoglobin 
on the activity of the oxidase partially inhibited by cyanide. The lowest 
curve shows that a concentration of 3.26 X 10-* m cyanide decreased the 
reaction velocity constant 85 per cent. The presence of 1.32 K 10° Mm 
methemoglobin (calculated on the basis of a molecular weight of 17,000 for 
methemoglobin) in the cyanide-inhibited system did not affect the rates for 
the first 2 minutes of the reaction; thereafter, the rate increased so that the 
inhibition, as judged by the reaction velocity constant, was 77 per cent of 
the activity of the control system. This indicated that methemoglobin 
reversed cyanide inhibition. 

Fig. 1 also shows that an amount of cyanmethemoglobin present, equiva- 
lent to 1.32 X 10-° m methemoglobin, had no initial effect on the activity 
of the oxidase. However, after 2 minutes, the rate of oxidation began to 
decrease ; the final rate of oxidation represented a 79 per cent inhibition of 
the control rate. 

Table I shows that 1.32 X 10-5 m methemoglobin restored a cyanide- 
inhibited system from 24 to 35 per cent of the original activity, whereas 2.64 
xX 10-* m restored it to 50 per cent and 3.96 X 10-° mM to 77 per cent of the 
original activity. It was not possible to study higher concentrations be- 
cause of increased density of the solutions and the limitations of the instru- 
ment. Control experiments carried out simultaneously showed that the 
corresponding amounts of methemoglobin did not affect the rates of oxida- 
tion of cytochrome c by cytochrome oxidase in the absence of cyanide. 

In the experiment described in Table I, the oxidase content and cyanide 
concentrations were kept constant and the methemoglobin concentration 
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varied. In the series of experiments shown in Fig. 2, the oxidase and 
methemoglobin levels were maintained constant and the cyanide concentra- 
tions were varied. Throughout the range of cyanide concentrations 
between approximately 5 X 10-°m and 1 X 10-*M, 1.32 XK 10-°m methe- 
moglobin produced the same degree of reversal of inhibition, approximately 
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Fie. 1. The effect of methemoglobin, cyanide, and cyanmethemoglobin on brain 
cytochrome oxidase activity. The final reaction mixture had a volume of 3.0 ml. and 
contained 0.05 ml. of 1 per cent brain homogenate, 3.75 xX 10-5 m cytochrome, and 
0.01 m phosphate buffer, pH 7.4. © shows the reaction without any additions; O, 
the effect of 3.26 X 10-*m cyanide; X, the effect of 1.32 XK 10-§ m methemoglobin in 
the presence of 3.26 X 10-* m cyanide; @ shows the effect of 1.32 X 10-5 m preformed 
cyanmethemoglobin on the reaction in the absence of added cyanide. The figures 
in per cent represent the degree of inhibition. 


10 per cent of the original activity. In other words, in the presence of this 
amount of methemoglobin, approximately 5 times as much cyanide was 
required to produce a given degree of inhibition as in the absence of methe- 
moglobin. Thus, 50 per cent inhibition was produced by 2 X 10-* m 
cyanide while, in the presence of 1.32 X 10-'m methemoglobin solution, the 
same inhibition was produced by 8.9 X 10~* m cyanide. 
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Fic. 2. The effect of varying amounts of cyanide on the activity of brain cyto- 
chrome oxidase in the presence and absence of methemoglobin. The final reaction 
mixture had a volume of 3.0 ml. and contained 0.04 ml. of 1 per cent brain homogenate, 
2.305 X 10-* m cytochrome, 0.01 m phosphate buffer, pH 7.4. O shows the effect 
of varying concentrations of cyanide; A, the effect of the same concentrations of 
cyanide in the presence of 1.32 K 10-§ m methemoglobin. 


TABLE I 
Effect of Varying Amounts of Methemoglobin on Cyanide Inhibition of Brain 
Cytochrome Oxidase Activity 
The final reaction mixture had a volume of 3.0 ml. and contained 0.05 ml. of a 1 
per cent brain homogenate (100 y dry weight of tissue), 0.01 m phosphate buffer 
pH 7.4, and 2.69 X 10-§ m cytochrome. 








Composition of reaction mixture Reaction velocity 
K* | per cent 
Cytochrome ¢ + brain homogenate.................. ....| 0.240 100 
- a ite ” + 1.13 X 10-*mecyanide....| 0.057 24 
< =— = - + cyanide + 1.32 X 10-* | 
methemoglobin....... | 0.085 | 35 
Cytochrome c + brain homogenate + cyanide + 2.64 X 10° m 
methemoglobin......... eae Dx Bene 0.120 50 
Cytochrome c + brain homogenate + cyanide + 3.96 X 10° m 
methemoglobin..................... U. eee Ree 0.185 77 








* Monomolecular reaction constant calculated as in Fig. 1 after it had attained a 
constant maximal value. 
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DISCUSSION 


In none of the experiments described was more than 0.05 ml. of a 1 per 
cent brain homogenate used as a source of enzyme. This quantity in no 
case corresponded to more than 120 + of dry tissue, of which only a small 
part is cytochrome oxidase. This conclusion is based on the observation 
that such homogenates have been shown to contain varying quantities of 
numerous enzymes found in animal tissues. Since no pure cytochrome 
oxidase preparations were available from which to make molecular weight 
calculations, it is very difficult to know precisely how much oxidase com- 
petes with a known amount of methemoglobin for available cyanide. 

However, an estimate of the competition between methemoglobin and 
cytochrome oxidase for the cyanide ion may be obtained in the following 
way. On the assumptions that in the incompletely inhibited enzyme sys- 
tem practically all of the cyanide ion is combined, that the concentration of 
the free cyanide ion is negligible, and that cyanide combines mole for mole 
with the oxidase iron, the total amount of oxidase in terms of moles of iron 
may be estimated from the cyanide concentration. For example, at 1 x 
10~* m cyanide, 76 per cent of the oxidase is inactivated; the order of magni- 
tude of oxidase iron would be 100/76 X 1 X 10~*, or approximately 1.3 x 
10-* m. In the experiments recorded in Table I, the methemoglobin con- 
centrations ranged from 1.32 to 3.96 K 10-° m methemoglobin. At a 
methemoglobin-cytochrome oxidase ratio of 10:1, 11 per cent of the original 
activity was restored. At ratios of 20:1 and 30:1, 26 to 49 per cent of the 
original activities were restored. These results suggest that the cytochrome 
oxidase-cyanide complex is less dissociable than the cyanmethemoglobin. 
Moreover, as has been shown in this work (Fig. 1), cyanmethemoglobin, 
added to a cytochrome-cytochrome oxidase system, apparently dissociates 
sufficiently so that the resultant cyanide ions can inhibit cytochrome oxidase 
activity. 

In vivo, when methemoglobinemia is induced, either prophylactically or 
therapeutically, to counteract the effects of cyanide ion, the latter may be 
considered to participate in the three following reactions: 


CN- + cytochrome oxidase = cytochrome oxidase cyanide (1) 
CN~ + methemoglobin @ cyanmethemoglobin (2) 
CN~ + S compounds @ CNS (3) 


When methemoglobinemia is induced prophylactically (i.e. before cyanide 
is administered), Reaction 2 takes place in the blood stream and the amount 
of cyanide ion reaching the tissues is greatly decreased. When methemo- 
globinemia is induced after administration of cyanide and a therapeutic 
result is obtained, it may be assumed that methemoglobin has combined 
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with enough cyanide to cause Reaction 1 to shift to the left and liberate 
sufficient free cytochrome oxidase to permit tissue respiration to be re- 
sumed. Reaction 3 represents a pathway for the conversion of free cyanide 
jon to the non-toxic thiocyanate. It has been shown that administered 
cyanide is excreted almost completely in the urine as thiocyanate (10). 


SUMMARY 


1. Experiments have been performed on the in vitro competition between 
methemoglobin and cytochrome oxidase in brain homogenates for cyanide 
10D. 

2. It is shown that methemoglobin can reverse the cyanide inhibition of 
cytochrome oxidase activity. The extent of the reversal was studied at 
varying concentrations of methemoglobin and cyanide. It is shown that 
in a suitable in vitro system preformed cyanmethemoglobin dissociates to 
give sufficient free cyanide ion to combine with cytochrome oxidase. 

3. The in vivo implications of the above observations are discussed 


briefly. 
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Some time ago we called attention to the wide-spread occurrence in 
nature of an enzyme which releases vitamin B, from a microbiologically 
inactive form (1). In work designed to characterize the enzyme in hog 
kidney through a study of this reaction it became apparent that the kinetics 
of the reaction were very markedly influenced by the purity of the sub- 
strate. With the isolation of vitamin B, conjugate in crystalline form from 
yeast (2) the opportunity presented itself to examine the reaction with the 
pure conjugate as substrate. In this paper we present the results of the 
study along with a summary of our earlier observations on the distribution 
and properties of the enzyme. Our earlier observations were of necessity 
made with crude or partially purified substrates. In the light of later 
results obtained with the pure conjugate as substrate these earlier results 
are considered to have a more qualitative than quantitative significance. 

While this work was in progress Mims, Totter, and Day (3) reported the 
occurrence of an enzyme in rat liver which formed a Streptococcus faecalis- 
stimulating factor from a microbiologically inactive precursor in yeast. 
Laskowski, Mims, and Day (4) noted the wide-spread distribution of the 
enzyme in the tissues of the rat, dog, hog, rabbit, chicken, and ox. They 
observed that chicken pancreas was an unusually rich source of the enzyme 
and devised a method for its purification. Their purified enzyme from 
chicken pancreas was found to form vitamin B, from partially purified 
vitamin B, conjugate (1,4). Recently these workers have further purified 
the enzyme from chicken pancreas and studied its kinetics on a partially 
purified substrate (5). In the course of our study we have found some 
differences in the behavior of the enzyme from chicken pancreas and hog 
kidney toward vitamin B, conjugate, which are reported below. 


EXPERIMENTAL 


Distribution of Vitamin B, Conjugase—In the earlier phases of the work a 
partially purified concentrate of vitamin B, conjugate prepared from yeast 
extract was used as an enzyme substrate. This concentrate contained 13 
mg. of vitamin B, per gm. of solids, as determined by assay with Sirepto- 
coccus faecalis after a 16 hour incubation at 45° with excess of vitamin B, 
conjugase. 
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Typical experiments with this partially purified substrate were carried 
out as follows: Amounts of the substrate equivalent to approximately 80 » 
of vitamin B,, combined as conjugate, were transferred to test-tubes and 
5 ec. of 0.1 M acetate buffer at pH 4.5 or 0.1 m phosphate buffer at pH 7.0 
were added. Each tissue under investigation, which was finely minced 
either with a Waring blendor or a Potter-Elvehjem homogenizer (6) and 
mixed with 3 to 4 volumes of water, was then added and the volume made 
up to 10 ce. with distilled water. The tubes were incubated in a water 
bath at 45°. At proper intervals the contents of each tube were mixed, 
and a 1 cc. portion withdrawn and transferred to another test-tube marked 
at 10 ce. This was heated 3 minutes in a boiling water bath, cooled, and 
diluted to 10 ec. with distilled water. After all the samples for a given 


Tasie I 
Vitamin B, Conjugase Activity of Various Tissues Measured at Two pH Levels 





Vitamin B, released per hr. per gm. tissue 








Enzyme source | 
| 


pH 4.5 pH 7.0 
. | 7 7 
CRRGROR PONMNOOE. 6 oon. 6. ices seediccs <400 14,880 
Turkey RT er eet See | < 1000 14,000 
i edna d ghee bali’ 3680 1,430 
7 oc cuiuneens ennagbes es 930 310 
Ue ec tame ss aes 6 coer bade 420 <10 
EL SIU 2 sv bins ee kdcivabew sas etwens 240 <50 
NCES Uorunt Esau cnedas oxeaseis 240 <13 
Pe Ca cdc shsienennnksas oad dut 190 0 
Guinea pig pancreas.................... 58 <7 
Defatted almond meal..................| 50 6.5 
Beef red bone marrow...............-..| <20 <20 
a, EN 5 4.50060) oe obecbeness seeks <15 <5 





experiment were'collected in this way, they were assayed for vitamin B, 
by the method previously described (7), except that Streptococcus faecalis 
was used and the incubation time was 18 hours at 37°. 

In Table I are shown the comparative potencies of various tissues in- 
vestigated as sources of conjugase. The amount of tissue added to each 
tube during incubation with the substrate was determined by preliminary 
experiment so that the amount of vitamin B, released per hour was con- 
stant over a period of at least 2 hours. Potencies were evaluated in terms 
of the amount of vitamin B, released per hour per gm. of tissue. All in- 
cubations were carried out both at pH 4.5 and 7.0. A few tissues, includ- 
ing chicken pancreas and hog kidney, were incubated with the substrate 
at several other pH levels also. Chicken and turkey pancreas proved to 
be the most potent sources of conjugase. Their optimum activity was 





| 




















BIRD, ROBBINS, VANDENBELT, AND PFIFFNER 651 


approximately pH 7.0, whereas all other sources investigated had their 
optimum at approximately pH 4.5. Hog kidney was chosen as a source of. 
conjugase for this study, since it was fairly active and available in large 
quantities. 

Fractionation Experimenis and Description of Conjugase Preparation— 
Hog kidney conjugase remained stable during autolysis at the natural pH 
of the tissue. This made the preparation of a clear water extract easier 
and was the basis for the preparation of a water-soluble conjugase fraction 
previously described (1). However, there was a great loss of activity 
involved in any fractionation procedure attempted. 

Approximately half the conjugase activity of fresh hog kidney was lost 
when it was ground and desiccated with acetone. The acetone-desiccated 
tissue retained its remaining activity over long periods at room temperature. 
When water extracts of fresh kidney were dried from the frozen state, they 
retained their activity but soon lost it on standing at room temperature. 
They were quite stable in the refrigerator. One such preparation lost 74 
per cent of its activity in 16 days at room temperature, but only 13 per cent 
in a month at refrigerator temperature. Whole kidney tissue or water 
extracts of kidney retained full conjugase activity for at least 5 to 6 months 
when maintained in the frozen state. 

Less than half the conjugase activity of desiccated hog kidney could be 
extracted by water or phosphate buffers ranging in pH from 4.5 to 7.5. 
The best pH for extraction was 7.0. Physiological salt solution was better 
than distilled water for extraction of the enzyme but higher concentrations 
of sodium chloride were not as good. Clarified water extracts of fresh 
kidney tissue retained about three-fourths of the enzyme activity that 
could be demonstrated for a water suspension of the whole tissue. 

The fraction precipitated from a water extract of kidney by ammonium 
sulfate at 40 per cent saturation contained about the same amount of 
conjugase activity as the fraction soluble at that concentration but in- 
soluble at 80 per cent saturation. However, the latter fraction was about 
twice as active as the former in terms of its nitrogen content. The activity 
of both these fractions amounted to only 38 per cent of the activity of the 
original extract. These ammonium sulfate precipitates, or a water extract 
of kidney, lost at least 75 per cent of their conjugase activity when dialyzed 
overnight against running water. After isoelectric precipitation of a water 
extract of kidney at pH 4.2 to 4.5, both the soluble and insoluble fractions 
contained approximately equal amounts of activity but the total activity 
of both fractions measured separately did not equal the activity of the 
original extract. Both fractions were heat-labile. Acetone at 40 per cent 
concentration precipitated all the activity of a water extract of kidney but 
there was no significant purification. 
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In view of these findings concerning the loss of activity with fractiona. 
tion, the reduced stability of purified fractions, and the lack of uniform 
potency of the products, the conjugase preparation used in the studies to 
be reported here was prepared by the following simple procedure. A 
fresh hog kidney was trimmed of fat, sliced, and ground in a Waring blendor 
with the addition of 3 cc. of water per gm. of kidney. The resulting sus. 
pension was centrifuged at 5000 r.p.m. and the supernatant solution filtered 
through a bed of Super-Cel. The filtrate was dispensed in test-tubes, 
frozen solid, and kept in a dry ice chest until used. This clarified water 
extract of fresh hog kidney is what is referred to throughout the balance of 
this paper as the conjugase preparation. It has the advantage of being 
highly active, it is stable when kept frozen, and it possesses a low blank. | 
cc. of this preparation, which was sufficient to release at least 2 y of vitamin 


TasB_e II 


Inhibitive Effect of Crude Yeast Extract on Activity of 
Vitamin B, Conjugase 








Vitamin B; released per hr. 
Substrate Amount of enzyme , — nae 
p cel. 7 

1 cc. purified vitamin B, conjugate from 0.2 28.2 

yeast 
2 gm. Difco yeast extract 2.8 0.3 
0.5 cc. purified vitamin B. conjugate 2.8 2.0 

from yeast plus 1 gm. Difco yeast 

extract 











B. from a crude yeast extract under the routine digestion procedure, as- 
sayed only 0.005 y of vitamin B, when digested alone without substrate. 

Early experiments with this conjugase preparation indicated a rather 
broad temperature optimum at 45-48°. The studies made with partially 
purified substrate were carried out with an incubation temperature of 45°. 
Routine overnight digestions with the enzyme for the purpose of releasing a 
maximum of activity were carried out in an air incubator at 45°. When 
crystalline conjugate was used as a substrate, incubations were carried out 
at 37° in a constant temperature water bath unless otherwise indicated. 

Inhibitors of Vitamin B, Conjugase in Yeast Extracts—In earlier studies 


ei 





it was observed that a given preparation of conjugase would release more | 


vitamin B, in unit time from some substrates than from others. Crude 
yeast extracts were particularly refractory to the action of the enzymes, 
while purified concentrates were acted upon more readily. In Table Il 
are shown the amounts of vitamin B, released from a purified vitamin B, 
conjugate preparation and from Difco yeast extract. 0.2 cc. of the enzyme 
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preparation released 28.2 y of vitamin B, from the purified concentrate in 1 
hour, while a much larger amount of conjugase released only 0.3 y of vita- 
min B. from Difco yeast extract. When the substrate consisted of a mix- 
ture of these two materials, only a relatively small amount of vitamin B, 
was released by a large amount of theenzyme. This suggested the presence 
of a substance or substances in Difco yeast extract which inhibited the 
action of the enzyme. 

Further evidence for the existence of a conjugase inhibitor in yeast ex- 
tract is presented in Table III. Data are shown representing vitamin B, 
released per hour per cc. of conjugase preparation from substrates of differ- 
ent degrees of purity, ranging from a water extract of plasmolyzed brewers’ 


+» yeast, which was the starting material, to crystalline vitamin B, conjugate. 


| 


It will be noted that over 100 times more conjugase were required to release 























Taste III 
Effect of Purity of Substrate on Action of Vitamin B, Conjugase 
cf) | Vitamin | Amount Vitamin Be 
| | Wet leased 
7 Subetonte | Tee | cee | come er br. 
| sae, u enzyme 
| Y | me. cc ¥ 
38843 | Yeast extract 84 | 1000 4 1.0 
90485 ‘‘ Concentrate A | 366 | 360 3.6 2.25 
9515 |“ « 8B | 1,250} 44 | 0.4 | 9.4 
80004 | = = C | 13,000 6 0.16 | 36 
91965 | Crystalline vitamin B, conjugate '365,, 000 | 0.11) 0.004 |139 





* As measured by assay with Streptococcus faecalis after a 16 hour incubation at 
45° with excess of enzyme, except Sample 91965. 


1 y of vitamin B, from yeast extract than from crystalline vitamin B, 
conjugate. 

Experiments with Crystalline Vitamin B, Conjugate As Substrate—Most 
of these experiments were carried out on a smaller scale than those above. 
Digestion mixtures had a total volume of 1 or 2 cc. Unless otherwise 
indicated, the digestions were carried out in 0.05 m acetate buffer at pH 4.5. 

The effect of pH on the action of conjugase from hog kidney and chicken 
pancreas, when crystalline conjugate was used as substrate, is shown in 
Fig. 1. 11.2 y amounts of the conjugate were incubated with 6.5 mg. of 
hog kidney and 0.1 mg. of chicken pancreas, respectively, in 1 cc. volumes 
of 0.05 m buffer for 1 hour over the pH ranges shown. Acetate buffer was 
used below pH 4.5, phosphate buffer above. It was found that phosphate 
and acetate buffers gave identical results at pH 4.5. 

After incubation the contents of the tubes were heated in boiling water, 
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diluted to 10 cc., and assayed. The optimum pH for hog kidney wag 43 
to 4.5, while for chicken pancreas it was 7.0 to 7.5. In other experiments 
it was found that these same pH optima also held for hog kidney and 
chicken pancreas when the substrates were crude yeast extract or a partially 
purified concentrate of vitamin B, conjugate obtained from yeast extract, 
The pH optimum of 7.0 to 7.5 found for chicken pancreas confirms the 
optimum observed by Laskowski et al. (4), but not the value of pH 54 
reported by Burkholder e¢ al. (8). 

The result of hog kidney conjugase acting upon an excess of pure vitamin 
B. conjugate is indicated in Fig. 2. The response with time was linear, 
within the error of the microbiological assay, over a 4 hour time interval. 
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Fic. 1. Reaction velocity of hog kidney conjugase and chicken pancreas conju- 
gase as a function of pH. Each tube for establishing the hog kidney conjugase curve 
contained 10 mg. of hog kidney and 112 y of crystalline vitamin B, conjugate in 10 
ec. For the chicken pancreas curve each tube contained 2 mg. of pancreas and 11.2 
+ of crystalline conjugate in 1lcc. Incubation was at 37°. 


Longer periods were not studied. In Fig. 3 is shown the effect of increasing 
concentrations of conjugase upon the amount of vitamin B, released from a 
constant amount of substrate. It will be noted that beyond the point 
where approximately 0.2 y of vitamin B, per cc. per hour was released the 
rate of liberation per unit volume of enzyme solution was fairly constant. 

The data in Fig. 4 indicate the velocity of the action of hog kidney con- 
jugase as a function of substrate concentration. Increasing amounts of 
crystalline vitamin B, conjugate, ranging from 2.8 y (equivalent to 1 y of 
free vitamin B,) to 16.8 y per tube were incubated in the presence of 4 c.mm. 
of the conjugase preparation. Half maximum velocity of the reaction 
was reached at a concentration of approximately 4.5 y of vitamin B, con- 
jugate per cc. of enzyme solution. 
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Definition of Conjugase Unit—The results of the above experiments on 
the action of conjugase on a substrate of crystalline conjugate suggested 
the definition of a unit of conjugase activity. A unit of activity, as applied 
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Fig. 2. Relationship of formation of vitamin B, to total reaction time. The reac- 
tion mixture contained 224 y of crystalline vitamin B, conjugate and 40 c.mm. of hog 
kidney conjugase preparation in a volume of 10 cc.” Incubation was at 37°. 
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Fic. 3. Relationship of rate of formation of vitamin B, to concentration of hog 
kidney conjugase. The reaction mixture contained 2.8 7 of crystalline vitamin B, 
conjugate per cc. and was incubated at 37°. 


to the conjugase present in hog kidney or other tissues containing conjugase 
having a pH optimum at 4.5, is that amount of enzyme which produces 1 
of vitamin B, from crystalline conjugate in 1 hour under the following 
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conditions. The reaction mixture should contain an amount of crystalline | 


vitamin B, conjugate equivalent to 1 y of vitamin B, per cc., and a concep. 
tration of conjugase such that 0.2 to 0.8 y of vitamin B, will be released 
when incubated 1 hour at 37° in 0.05 m buffer at pH 4.5. The conjugage 
preparation described above and used in these studies contained 150 to 299 
of these units per cc. 

Complete Enzymatic Release of Vitamin B, from Its Conjugate—The 
specific ultraviolet absorption properties of crystalline vitamin B, conjugate 
indicated that approximately 36 per cent of the conjugate molecule cop. 
sisted of vitamin B, (2). Before digestion with conjugase pure vitamin B, 
conjugate was found to have only a negligible growth effect on Lactobacillus 
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Fic. 4. Reaction velocity of hog kidney conjugase as a function of substrate con- 
centration. Each reaction tube contained 0.4 c.mm. of hog kidney conjugase prep- 
aration per cc. and was incubated at 37°. 


casei and Streptococcus faecalis (2). Its utilization as a growth factor by 
these two organisms is discussed in the following paper (9). 

It was of interest therefore to determine whether enzyme treatment of 
the pure conjugate would release an amount of vitamin B, comparable to 
that indicated from spectrophotometric examination. A number of pure 
specimens were examined by both methods. The data are presented in 
Table IV. 

Enzymatic microbiological assay of these pure preparations consisted, 
first, of diluting the conjugate solution to an estimated concentration 
(based on spectrophotometric assay) of 2 y of vitamin B, per ce. To 1 ce. 
of this dilution were added 1 cc. of the conjugase preparation (150 to 200 
units) and 5 ce. of 0.1 m acetate buffer at pH 4.5. After addition of a few 
drops of toluene the mixture was incubated 16 hours at 45° in an air incu- 
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bator, adjusted to pH 7.0 by the addition of n NaOH, diluted to 10 cc., 
autoclaved briefly, and assayed for vitamin B,, as indicated previously. 
The spectrophotometric values reported in Table IV were determined from 
the extinction coefficients of crystalline vitamin B, conjugate (2). 

It will be noted that a large excess of conjugase was used in releasing 
vitamin B, from these conjugate preparations, much larger, in fact, than 
would be calculated to be necessary. The correlation between micro- 
biological and spectrophotometric measurements is good in all cases but 
one. No explanation is apparent for this failure. Although some prepa- 
rations of pure conjugate have been converted ‘completely to free vitamin 


TABLE IV 

Microbiological Assay of Crystalline Vitamin B, Conjugate Preparations Following 
Treatment with Hog Kidney Conjugase; Comparison with Spectrophotometric 

Determinations 


Vitamin Be per cc 

















Sample No. Microbiological assay after enzyme treatmentt 
Spectrophotometric* ————<$<—_—_—_—_—_—— — 
Lactobacillus casei Streptococcus faecalis 
Y | Y Y 
515 16 13.3 15 
655 8 6.0 
701 32 23 
720 17 15 
795 12.5 10.3 9.7 
91965 40 38 
1272 13 13 
1291 39 38.5 37 





* As estimated from the specific ultraviolet absorption properties of crystalline 
vitamin B, conjugate (2). 

t Incubated with hog kidney conjugase and assayed according to a previously 
reported method (7). 


B, with only a small excess of conjugase, others have required a huge excess 
to accomplish the conversion, which even then was not always complete. 


DISCUSSION 

It seems remarkable that of the tissues examined as sources of vitamin B, 
conjugase all had pH optima at approximately 4.5, except chicken and 
turkey pancreas whose optima were at pH 7.0 to 7.5. Since the pH opti- 
mum for chicken pancreas was unaffected by the purity of substrate used, 
it seems probable that a different conjugase is present in chicken pancreas, 
and perhaps the pancreas of other fowl, than is found in the organs of 
mammals. 
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The demonstration of the presence of inhibitors for vitamin B, conjugase 
in crude yeast extracts and the fact that they are not readily eliminated 
during fractionation of these extracts indicate the possibilities of error in 
using a crude substrate to measure enzyme concentration. Since crude 
substrates such as yeast extracts or fractions prepared from them vary 
widely in their inhibitor content, the advantage of using the pure, crystal- 
line vitamin B, conjugate as a substrate in standardizing the enzyme prepa- 
rations is apparent. 

Mims and Laskowski (5) have mentioned the possible occurrence of a 
coenzyme for vitamin B, conjugase from chicken pancreas. In view of the 
loss of activity following precipitation with ammonium sulfate, dialysis, 
and other fractionation procedures, it seems likely that there also exists in 
hog kidney a coenzyme or enzyme activator for conjugase from this source. 
A frequently noted characteristic of this enzyme reaction has been its 
failure to go uniformly to completion, perhaps again indicating the im- 
portance of some coenzyme or enzyme activator. However, experiments 
designed to demonstrate the existence of a coenzyme or enzyme activator 
for hog kidney conjugase have thus far yielded only negative results. 
Mims and Laskowski (5) have indicated that the calcium ion serves as an 
activator for chicken pancreas conjugase but we have been unable to 
activate dialyzed hog kidney conjugase with calcium ion. 


SUMMARY 


The distribution of vitamin B, conjugase in a number of tissues has been 
studied, with a partially purified preparation of vitamin B, conjugate as 
substrate. All the sources exhibited a pH optimum at approximately 4 
except chicken and turkey pancreas, which had an optimum at pH 7. 
to 7.5. 

The presence in yeast extract of a strong inhibitor for vitamin B, conju- 
gase has been demonstrated. This inhibitor was gradually removed during 
fractionation of yeast extract in the preparation of pure conjugate. 

The reaction of hog kidney conjugase has been studied with crystalline 
vitamin B, conjugate as substrate. A unit of conjugase activity has been 
defined, based on the amount of pure conjugate split by the enzyme in 
unit time under specific conditions. 

A comparison is made of the vitamin B, content of several preparations 
of crystalline vitamin B, conjugate as determined spectrophotometrically 
and by microbiological assay following treatment with hog kidney 
conjugase. 
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THE RESPONSE OF LACTOBACILLUS CASEI AND 
STREPTOCOCCUS FAECALIS TO VITAMIN 
B. AND VITAMIN B, CONJUGATE 


By O. D. BIRD anp MARY ROBBINS 
(From the Research Laboratories of Parke, Davis and Company, Detroit) 


(Received for publication, February 13, 1946) 


Our earlier attempts to assay natural products, such as extracts of yeast 
and liver, for uncombined vitamin B, by the Lactobacillus casei method 
recently described (1) led to inconsistent results. The potency values 
calculated for individual assay tubes increased markedly with each in- 
crease in amount of assay material added. When the turbidity readings 
for tubes containing these natural products were plotted against dosages, 
an exaggerated S-shaped curve resulted, compared to the typical parabolic 
curve obtained for crystalline vitamin B,, or concentrates of vitamin B,. 
These irregularities in assay results were particularly noticeable in a study 
of hog kidney conjugase, reported in the preceding paper (2), when an 
attempt was made to use Lactobacillus casei in assaying natural materials 
in which the vitamin B, conjugate had been only partially converted to 
vitamin B, by conjugase action. 

We tried to explain this difficulty on the basis of inadequacy of the assay 
medium. Teply and Elvehjem (3) apparently noticed a similar phenom- 
enon and attempted to improve the assay procedure by introducing a new 
medium which included norit-treated peptone as a stimulatory factor. 
However, we were unsuccessful in modifying the medium so as to obtain 
assays without a drift in potency values when calculated over a major part 
of the standard curve. Assays in which natural products were first treated 
with enzyme to release the vitamin B, from its conjugate did not give this 
abnormal response curve, and at first we attributed this difference to the 
presence in these materials of an unrecognized growth stimulant for Lacto- 
bacillus casei whose effect was lost in the greater dilution necessary in 
assaying the enzyme-treated samples. Recently, when vitamin B, con- 
jugate was isolated in crystalline form (4), an opportunity was provided 
for determining whether or not this abnormal response was due to a supple- 
mentary stimulating factor. 


EXPERIMENTAL 


The assay procedure and method of treating samples with a conjugase 
preparation to liberate vitamin B, from its conjugate were those recently 
described (1). The conjugase preparation used was a clarified water 
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extract of fresh hog kidney which was kept frozen in test-tubes until used. 
When Streptococcus faecalis was used as the test organism, the medium 
was the same but the incubation period was reduced to 18 hours. 

Typical dosage-response curves for crystalline vitamin B., crystalline 
vitamin B, conjugate,’ yeast extract, and liver extract are shown in Fig. 1, 











L oo = —o 
30) i a 
, > a 7 
a _e@ "a — — 
j 4 “ = 
40} i : oe 
| 2 “ 
| oe 
sor i 
f mn / 
| 
_ | / 
YH // ‘ j 
% . | 
~ | / ie 
> , J 
ty 7Or / F / 
2 y, ee LEGEND 
< / a Bc STANDARD +———-> 
x | 2 YEAST EXTRACT x----- 5 
K gol | fod LIVER EXTRACT e—-—°? | 
ee ee Bc CONTUGATE O———o 
- /, ; d 
aia. 
aa 
gol / ig 
x / 
|} @-o¢ > | 
ae { 
a 
700 * eo; —_ as oF as ae - oF P as - x) +5 Ay eo . | mr any Loe 
o./ 92 0.3 °.4 as O86 Ig YEAST EXT. He~n-~-k 
“4 28 42 Je 70 “y¥ Li vem EXT O—-—@ | ( 
28 56 8¢ A2 Mo mY Be Cons 7 
‘ 
| Fie. 1. Response of Lastobacillus casei to materials containing vitamin B, conju- , 
4 gate before enzyme treatment. 
§ 
These curves indicate the abnormal response of Lactobacillus casei to crude 
materials containing a mixture of free and conjugated vitamin B,, and to 
crystalline vitamin B. conjugate. Divergence from the standard curve is 
particularly striking in the case of both yeast extract and crystalline vitamin C 
B,. conjugate. This is illustrated in the first part of Table I, where po- | 


1 Kindly supplied by Dr. J. J. Pfiffner. 
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tency values calculated from individual tubes containing graded amounts 
of yeast extract are shown. They vary over a range of more than 300 
per cent, while the reading for the last tube was too high to be calculated 
from the standard curve. 

The three sources of vitamin B, conjugate described above were then 
incubated 16 hours at 45° with vitamin B, conjugase in excess and assayed 
with Lactobacillus casei. The average dosage-response curve for all three 
samples and the standard is shown in Fig. 2. It will be seen how the wide 
divergence of response from the standard curve has disappeared following 
enzyme treatment. This is also shown in the second part of Table I, 
where potency values calculated for individual tubes containing yeast 


TABLE I 
Comparison of Vitamin B, Assay Values for Yeast Extract, Calculated from Individual 
Assay Tubes before and afier Enzyme Treatment 


| 




















Before enzyme treatment After enzyme treatment 
= Calculated —— | Calculated 
—— - — Evelyn readings | vitamin Be per a yt a Evelyn readings vitamin Bg per 
pile per tube em. pie f be gm. 

Y Y Y 
31.2 95 0.64 3 72 50 
62.5 92 0.64 6 59.5 53.3 

125 75.5 1.12 9 53 53.3 
187 58 1.54 12 49 50.8 
250 45.5 2.24 15 44 53.4 
375 33 18 42 ot 
24 39 50 
Average... .. aR) ee Pe ee ee ee ee 52 





extract after enzyme treatment are shown. There is less than 10 per cent 
variation among the seven individual values. 

In Fig. 3 is shown a dosage-response curve for a mixture of free and 
conjugated vitamin B. compared to the standard curve for vitamin B,, 
Streptococcus faecalis being used as the assay organism. In this case the 
points representing the response of this organism to the mixture of free 
and conjugated vitamin B, fall almost exactly on the standard curve. 


DISCUSSION 


It is generally considered that good matching of the dosage-response 
curves for a crude assay sample and a pure standard is the most reliable 
criterion of a good microbiological assay. This condition also may be 
described as freedom from drift in potency values calculated for individual 
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Fic. 2. Response of Lactobacillus casei to materials containing vitamin B, conju- 
gate after enzyme treatment. 
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The mixture contained 1.59 millimicrograms of crystalline vitamin B, and 
177 millimicrograms of crystalline vitamin B, conjugate per cc. 
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tubes in an assay. It is evident that this condition is not met when sam- 
ples containing both free and conjugated vitamin B, are assayed with 
Lactobacillus casei prior to treatment with vitamin B, conjugase. This is 
also true when a sample containing crystalline vitamin B, conjugate is 
assayed without enzyme treatment. Calculated potency values for indi- 
vidual assay tubes show an extreme drift and it is impossible to get a satis- 
factory assay for the true amount of free vitamin B, present. This is not 
the case when Streptococcus faecalis is used to assay a mixture of free and 
conjugated vitamin B,: The presence of conjugate does not cause an undue 
drift in assay values for individual tubes. Thus a mixture of free and 
conjugated vitamin B, may be much more satisfactorily assayed for free 
vitamin B, with Streptococcus faecalis than with Lactobacillus casei. 

This criticism of the Lactobacillus casei assay does not apply if the vitamin 
B. present as a conjugate has been entirely converted to the free form by 
adequate enzyme treatment prior to the assay procedure. The close 
matching of response curves for unknown and standard following treat- 
ment of the former with an enzyme preparation indicates that the 40 hour 
assay procedure used in the experiments reported here is equal in accuracy 
to 72 hour procedures employing acid titration. 

The S-shaped response curves obtained when samples containing vitamin 
B, conjugate are assayed with Lactobacillus casei prior to enzyme treatment 
are unexplained. One possible explanation may be that this organism 
produces an enzyme which splits the conjugate, thus freeing vitamin B, 
which in turn stimulates the growth of the organism. This phenomenon 
would be more pronounced in the tubes containing larger amounts of the 
conjugate, thus leading to the S-shaped response curve. 


SUMMARY 


The abnormal growth response of Lactobacillus casei obtained with crude 
substances containing vitamin B, conjugate is also obtained with crystalline 
vitamin B, conjugate. This abnormal response is entirely eliminated by 
treatment of crude substances with a conjugase preparation which converts 
the vitamin B, present to the free form. 

Streptococcus faecalis does not display this abnormal response when used 
to assay free vitamin B, in the presence of vitamin B, conjugate. 
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STUDIES ON THE NATURE OF CARBOHYDRATE ACTIVATORS 
OF POTATO PHOSPHORYLASE* 


By ELSA C. PROEHL{ anp HARRY G. DAY 


(From the Department of Chemistry, Indiana University, Bloomington) 
(Received for publication, February 4, 1946) 


Potato phosphorylase catalyzes the formation of a linear polysaccharide 
from glucose-l-phosphate (1). The reaction is dependent upon the pres- 
ence of some types of polysaccharide in relatively small amounts. Such 
polysaccharides are believed to function as a source of short, linear chains 
onto which glucose from the substrate is added repeatedly in 1 ,4-a-glu- 
cosidic linkages by phosphorylase, thus forming long unbranched chains 
(2). The terms primer (3, 4), catalyst (5), and activator (2,6) have been 
used to designate them, 

In attempts to learn the nature of potato phosphorylase activators it 
has been found that glucosidic linkages characteristic of glycogen (t.e. 
1,6-a-glucosidic) are not required (2,7). Partial acid hydrolysis of amyl- 
ose (Fraction A, Schoch) and several natural starches markedly increase 
the activating power (6, 7). Estimations based on reactions of the ac- 
tivator fractions with iodine indicate that activation can be produced by 
linear dextrins containing not more than 7 or 8 glucose units per molecule 
(7). Data reported in a symposium (2), since the work to be presented 
here was concluded, show that 6-amylase decreases the activating power 
of amylose and of amylopectin (Fraction B, Schoch), and that controlled 
acid hydrolysis of Schardinger dextrins produces activators of potato 
phosphorylase. 

The purpose of the present study was to secure additional evidence 
concerning the structure and size of carbohydrates capable of activating 
potato phosphorylase. 

EXPERIMENTAL 

The potato phosphorylase and glucose-l-phosphate were prepared in 
accordance with the methods described by Hidy and Day (7). A modi- 
fication (7) of the Green and Stumpf (5) procedure for the determination 
of phosphorylase activity was used. 

Effect of Different Carbohydrates on Activity of Potato Phosphorylase—A 

*This work was supported by a grant from the Corn Industries Research Founda- 
ion. 


t From a thesis submitted by Elsa C. Proehl to the Faculty of the Graduate School 
in partial fulfilment of the requirements for the degree of Master of Arts, August, 1945. 
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number of different carbohydrates were tested with respect to their abil- 
ity to activate potato phosphorylase. Each sample, except the amylose, 
was prepared by dispersing it in water, with heating if necessary. The 
amylose samples were dispersed in 1.7 N potassium hydroxide and quickly 
neutralized with hydrochloric acid. The same enzyme preparation was 
used to make all the determinations. 

The results are given in Table I. They show that amylopectin had the 
greatest activating ability. Our evidence indicates that its activity can- 
not be raised appreciably by acid hydrolysis (7). This is in agreement 
with the findings of Cori et al. (2). That unhydrolyzed amylopectin is 
substantially different from liver glycogen is shown in Table I. It is also 
demonstrated by the results of partial acid hydrolysis on the ability of these 
materials to activate phosphorylase from potatoes and from muscle (2). 

In respect to structure, the results with inulin, dextran, and the poly- 
saccharide of pneumococcus type III and of Phytomonas tumefaciens are of 
interest. Because inulin is a fructosan it is not surprising that it had no 
activity. Unhydrolyzed dextran had less than 30 per cent of the activity 
of soluble potato starch. Since it appears to be a 1,6-a-glucosidic struc- 
ture (8), this may be the basis for the relatively low activity. The ac- 
tivity of the polysaccharide of type III pneumococcus was similarly low. 
Its structure has been reported to involve glycosidic linkages which alter- 
nate between positions 1,3 and 1,4 (9). Also, the glucuronosidic linkages 
have the 8 configuration. The polysaccharide produced by Phytomonas 
tumefaciens had no activity. The configuration of the constituent d-glu- 
cose units appears to be of the 8 type (10). 

Only one of the five dextrins reported here had relatively high activating 
ability. This dextrin was prepared! by treatment of a corn-starch slurry 
with hydrochloric acid to make a highly soluble starch. This was followed 
by a malting process which, on the basis of copper-reducing values, was 
much less complete than in the case of starch not treated with acid pre- 
vious to malting. Methanol was added to precipitate the limit dextrin 
from the soluble malted material. Each molecule of this dextrin con- 
tained an average of approximately 15 glucose units.2. Although the cal- 
culated average number of glucose units per molecule of malted corn-starch 
is almost identical (17 units), it had no activity. Carbohydrates tested 
which had 3 hexose units or less had no activity. Thus structure, as well 
as molecular size, is important for activating ability even in materials 
which have a relatively high concentration of terminal end-groups. 


! Personal communication from Dr. D. P. Langlois. 
? Estimated on the basis of the Hixon Rcy value of this dextrin, 


Rew of maltose (1900) Xx 2 . , 
= 15 glucose units 





Rew of sample (259) 
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TaBie I 
Effect of Different Carbohydrates on Activity of Potato Phosphorylase 
Each test mixture consisted of 1.0 ml. of enzyme solution ((7), p. 277), 0.5 ml. of 
1.0 m citrate buffer of pH 6.2, 1.0 ml. of test carbohydrate, and 1.0 ml. of 0.1 m glu- 


cose-1-phosphate. 





Amount 
Carbohydrate Source* — Activityt 
mixture | 
mg 
Soluble potato starch, fat-free Merck 20 140 
- - "7 7” - 5 100 
Amylose from corn-starch Schoch 5 50 
ws " ' | Kerr 5 50 
Amylopectin from corn-starch | Schoch 5 116 
Glycogen from liver Eastman 20 40 
- ‘** corn purified with NaOH Morris 20 0 
™ og " ** acetic acid ” 20 0 
“Whole corn polysaccharide” alcohol pptd. from wa 20 39 
aqueous extract 
Dextran from Leuconostoc mesenteroides | Hassid 20 40 
Polysaccharide produced by Phytomonas tumefa- | Hodgson and | 20 0 
ciens | Peterson | 
Polysaccharide produced by type III pneumo- Goebel 20 40 
coccus 
Inulin | Eastman ' @ | 0 
Corn-starch oxidized with periodic acid | Hidy 20 «| 0 
Limit dextrin from malted HCl-treated corn- | Langlois 20 97 
starch 
Limit dextrin from malted corn-starch " 20 0 
% = z “corn syrup insoluble in oe | 20 | @ 
85% ethanol 
Limit dextrin from malted corn syrup insoluble in | “ . i 8 
75% ethanol 
Limit dextrin from malted waxy maize starch - 20 | 17 
Raffinose Eastman | 20 0 
Melezitose as 20 «| 0 
Melibiose “ 20 =| 0 
Cellobiose isolated from cotton Student’s 20 SO 0 
preparation 
Gentiobiose synthesized Proehl 20 «| 0 


* Grateful acknowledgment is made to the following persons for supplying some 
of the materials used: T. J. Schoch and R. W. Kerr, Corn Products Refining Com- 
pany; D. L. Morris, Mead Johnson and Company; W. Z. Hassid, University of Cali- 
fornia; R. Hodgson and W. H. Peterson, University of Wisconsin; W. F. Goebel, 
The Rockefeller Institute for Medical Research; P. H. Hidy, Baylor University; 
and D. P. Langlois, A. E. Staley Manufacturing Company. 

t All results are expressed as per cent of the value for 5 mg. of soluble corn- 
starch, used as the standard. With this amount of activator 0.375 mg. (corrected) 
of inorganic phosphorus is liberated in 10 minutes under the conditions prescribed. 
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Dialyzability of Phosphorylase Activators—Amylose (Schoch) was hy- 
drolyzed by hydrochloric acid, with the method previously described (7), 
until the activating ability was maximum. This coincided approximately 
with the achromic point. It was then neutralized with potassium hy- 
droxide and dialyzed at 4° against distilled water in Visking tubing. More 
than one-half of the total activating power was concentrated in the dialy- 
sate. Thus both dialyzable‘and non-dialyzable activators are formed by 
acid hydrolysis of amylose. 

Effect of Alkali on Ability of Amylose to Activate Potato Phosphorylase— 
Amylose (Schoch) was kept dispersed in 2 N sodium hydroxide for 56 hours 
at 24° and then neutralized with hydrochloric acid. The activating power 
was not changed by the prolonged treatment with alkali. 

Effect of 8-Amylase on Ability of Amylose and of Amylopectin to Activate 
Potato Phosphorylase—The method of Ballou and Luck (11) was used to 
prepare the 6-amylase. To carry out the enzymatic reactions 500 mg. of 
amylose or amylopectin, as required, were dispersed in about 30 ml. of 
1.8 nN sodium hydroxide and immediately neutralized with dilute hydro- 
chloric acid. To this were added 50 ml. of 0.1 m acetate buffer of pH 43. 
The volume was adjusted to 98 ml. and the mixture was kept at 30°. 
Finally 2 mg. of 8-amylase in 2 ml. of water were added. At specified 
intervals the desired aliquots were removed for determinations of phos- 
phorylase-activating ability and reducing value, respectively; but pre- 
vious to these determinations the aliquots were placed in a boiling water 
bath for 10 minutes to inactivate the B-amylase. The ferricyanide method 
of Blish and Sandstedt (12) was used to determine the reducing values. 

The results are given in Table II. It is evident that the power of both 
polysaccharides to activate phosphorylase decreases progressively with the 
action of 8-amylase. In contrast to the effect of acid hydrolysis there was 
at no time an increase in the ability to activate phosphorylase. By the 
time maximum hydrolysis had occurred, as indicated by the ferricyanide- 
reducing values, the ability of the residual limit dextrins to activate phos- 
phorylase was practically nil. The results may be interpreted as evidence 
that the phosphorylase-activating ability of a carbohydrate is directly 
related to the concentration of non-maltosidic terminal glucose units, and 
that the chain length is a determinant of activating power. The latter 
is indicated by the evidence that 8-amylase-treated amylopectin has just as 
high concentration of terminal glucose units as the untreated polysac- 
charide (13); yet the activating ability is reduced. Since the outer 
branches of amylopectin molecules probably do not contain more than 6 or 
7 glucose units per linear branch (13), it may be concluded that the op- 
timum chain length for phosphorylase-activating ability must be as great 
as these branches; otherwise the action of 8-amylose would not promptly 
reduce that ability. 





— — 














—_ te oot ook oe h—lUlCUeeCCOe 


~~ _> —— mee — mee 











E. C, PROEHL AND H. G. DAY 671 


Effect of Acid Hydrolysis on Ability of Schardinger Dextrins to Actwwate 
Potato Phosphorylase—Two facts indicated that an activator of potato 
phosphorylase need not contain more than 7 or 8 glucose units per mole- 
cule. They were (a) ability of achrodextrins to activate the enzyme (7) 
and (b) the ability of activator material to dialyze. It was therefore 
logical to consider the activating ability of simple dextrins of known com- 
position. The Schardinger dextrins were a logical choice because the 
structures of both the a and 8 forms seem to be well established and the 
number of glucose units per molecule is 6 and 7 respectively. 

Owing to the absence of terminal non-maltosidic glucose units in these 
cycloamyloses, cleavage of the molecules by mild acid treatment was 

















Tase II 
Effect of 8-Amylase on Ability of Amylose and of Amylopectin to Activate Potato 
Phosphorylase 
The composition of the test mixture is the same as in Table I. 
Amylose Amylopectin 
Time _ er papeniameees I 
Redaciont | Atty (PUberated —Regucine | Ally Fer 
min per ceni meg. per cent mg. 
0 0 0.19 0 0.44 
15 | 37 0.31 
30 38 | 0.15 19 0.15 
45 54 0.12 
60 60 | 0.12 58 | 0.10 
90 74 0.12 60 0.10 
120 82 0.11 61 0.08 
180 90 0.11 62 0.07 
240 93 0.09 ‘ 
300 94 0.09 
360 o4 0.09 





* Expressed as per cent maltose. 


employed with the expectation that short chain amyloses (linear) would 
be formed. 

Several different hydrolytic conditions were studied. The results repre- 
sented in Fig. 1 were obtained as follows: 0.5 gm. of dextrin was dissolved 
in 7.5 N hydrochloric acid. The volume was adjusted to 10.0 ml. The 
temperature was 24°. At specified intervals 1.0 ml. aliquots were re- 
moved, neutralized with 1.7 nN sodium hydroxide, and the volume adjusted 
to 10.0 ml. Aliquots of these diluted neutral solutions were used within a 
few hours for determinations of phosphorylase activity and ferricyanide- 
reducing abilities. 

As shown in Fig. 1, when either the a- or 8-Schardinger dextrin is used as 
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the only added activator of phosphorylase, the rate of phosphate liberation 
is significantly decreased, as compared with blanks to which no source of 
activator was added. The magnitude of the effect was in proportion to the 
amount of the cycloamylose added. Since there was enough residual 
activator in the purified glucose-1-phosphate and potato phosphorylase to 
promote appreciable polysaccharide synthesis (7), the effect of Schardinger 
dextrins may be regarded as a form of competitive inhibition, as inter- 
preted by Green and Stumpf (5), who also noted the inhibiting effect. 
As shown in Fig. 1, the inhibiting effect of both dextrins was rapidly 
abolished by hydrolysis with acid and they became activators of the phos- 
phorylase. After the maximum activating ability was reached, the effect 
gradually diminished to zero. 
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Fic. 1. Effect of hydrolysis by 7.5 Nn HCl on the potato phosphorylase-activating 
power of a- and 8-Schardinger dextrins. Temperature 24°. The abscissa represents 
the length of hydrolysis; the ordinate, the rate of phosphorus liberation in the presence 
of 5 mg. of hydrolyzed dextrin. Lower curve, a-Schardinger dextrin; upper curve, 
8-Schardinger dextrin. 


The activity of the hydrolyzed 8-dextrin was approximately 30 per cent 
greater than the a-dextrin hydrolyzed to a comparable degree, as deter- 


mined by ferricyanide reduction. This indicates that the hydrolytic . 


products from the former dextrin have greater activating power than those 
from the latter. Presumably the average chain length of the 8-dextrin 
products is 1 glucose unit greater than the products from the a-dextrin. 
Therefore, linear dextrins containing 6 or less glucose units may not be as 
capable of activating potato phosphorylase as those containing 7, or per- 
haps more, glucose units. Due to the inhibiting effect of the unhydrolyzed 
dextrins, fully satisfactory comparison of the activating ability of the 
hydrolytic products cannot be made until the latter have been isolated in 
pure form. x 

Special significance should be attached to the evidence that both of the 
Schardinger dextrins competitively inhibit polysaccharide synthesis, 
whereas the opposite effect is caused by dextrins formed by acid hydrolysis 
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of either of these compounds. The number of glucose units in each case 
is of the same magnitude. According to present concepts of structure 
(14, 15), the only difference between inhibition and activation, in this 
case, is that the former effect is associated with a closed ring structure, 
whereas the latter is associated with an unclosed ring (helix). Therefore, 
on the basis of present views concerning the relation of chemical structure to 
biological activity (16), it might be postulated that unhydrolyzed Schar- 
dinger dextrins inhibit polysaccharide synthesis because they are so similar 
in configuration and dimensions to the activator groups (helical, open 
chain) that they are able to compete with the latter for essential reactive 
positions on the enzyme. Owing to the lack of terminal glucose units in the 


TaBLe III 
Effect of Acid Hydrolysis on Ability of Schardinger Deztrins to Activate Potato 
Phosphorylase 
Each test mixture contained the equivalent of 5 mg. of dextrin. The hydrolysis 
mixture contained 1.0 gm. of dextrin per 20.0 ml. of 11 N HeSO, at 24°. 























| a-Schardinger dextrin 8-Schardinger dextrin 
Time i : 
Reduction® | Activity £P berated Reduction® Activity, P liberated 

hrs | per cent | mg. | per cent | mg. 

0 | 0 | -0.10t | 0 | —0.01f 
10 8 | 0.10 8 | 0.15 
22 14 0.14 9 0.25 
36 | 19 | 0.19 17 

46 25 0.21 23 0.33 
76 | 30 | 0.35 
98 52 0.43 | 
104 | | 48 | 0.34 











* Expressed as per cent glucose. 
+ The negative values indicate that the dextrins inhibited the activating ability 


of the polysaccharide contaminating the enzyme preparation and the glucose-1l- 
phosphate so that the phosphorus values were lower than those of the blanks. 


Schardinger dextrins, glucose units from the substrate would not be added ; 
consequently polysaccharide synthesis would be blocked. 

Hydrolysis wish Sulfuric Acid—The differences between hydrochloric 
acid and sulfuric acid on the hydrolysis of the cycloamyloses were quite 
marked. When 7.5 N sulfuric acid was used, the rate of hydrolysis at 
24° was exceedingly slow as compared with hydrochloric acid of equal 
strength. As shown in Table III, 11 Nn sulfuric acid was also quite slow. 
Even after 4 days not more than 50 per cent of either dextrin had been 
completely hydrolyzed. Also, the hydrolyzed fragments with activating 
ability appeared to be fairly stable in sulfuric acid under these conditions. 

Likewise, the hydrolysis of amylose by 11 N sulfuric acid was much slower 
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than when 7.5 nN hydrochloric acid was used. Lower concentrations of 
the former acid were even less effective. When 11 N sulfuric acid was 
used at 24°, approximately 40 hours were required to attain the maximum 
activating effect. In addition, the rate of decline in activating ability was 
very gradual. 10 days after the maximum had been reached the activating 
power had declined approximately 40 per cent. 7 days later it had not 
undergone further decline. The behavior of amylose and of Schardinger 
dextrins in sulfuric acid may be of considerable practical value in isolating 
short chain dextrins with high activating ability 


SUMMARY 


The ability of different polysaccharides, dextrins, and certain di- and 
trisaccharides to activate potato phosphorylase was determined. Amylo- 
pectin from corn-starch had the greatest activity. Melezitose and raffinose, 
which are trisaccharides, had no activity. 

Hydrolysis of amylose and of amylopectin by 6-amylase caused a pro- 
gressive decrease in activating power. On the other hand, hydrolysis of 
amylose with either HCl or H,SO, markedly increased its activity. 

The effect of a- and 8-Schardinger dextrins in inhibiting the activating 
ability of polysaccharides was confirmed. Partial hydrolysis of these 
dextrins with either HCl or H.SO, caused them to be activators of potato 
phosphorylase. 

Certain phosphorylase activators are fairly stable in strong H,SQ,. 

It is concluded that activators of potato phosphorylase need not con- 
tain more than 6 or 7 glucose units per molecule and that the Schardinger 
dextrins are promising sources of material for the continuation of investiga- 
tions on the nature of the activators of potato phosphorylase. 
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VITAMIN CONTENT OF MOUSE EPIDERMIS DURING 
METHYLCHOLANTHRENE CARCINOGENESIS 


I. BIOTIN, CHOLINE, INOSITOL, p-AMINOBENZOIC ACID, AND 
PYRIDOXINE* 


By E. L. TATUM,t M. G. RITCHEY, E. V. COWDRY, anv L. F. WICKS 
(From the Barnard Free Skin and Cancer Hospital, the Department of Anatomy, 


Washington University School of Medicine, St. Louis, and the Department of 
Biology, Stanford University, California) 


(Received for publication, February 15, 1946) 


In the Barnard Free Skin and Cancer Hospital project to analyze the 
carcinogenic effect of methylcholanthrene on mouse epidermis (1), data on 
the levels of certain inorganic constituents and of ascorbic acid (2, 3) and of 
lipids (4, 5) in the reacting epidermis have been published. Although a 
number of investigators have found differences between normal and cancer- 
ous tissues in certain vitamins of the B group (6-9), these important con- 
stituents have not previously been determined either in isolated epidermis 
or during controlled methylcholanthrene carcinogenesis. Accordingly, 
vitamin bioassay methods, with mutant strains of Neurospora (10), have 
been developed or modified for use in measuring the epidermal content of 
certain vitamins during methylcholanthrene carcinogenesis. The results 
of a considerable number of determinations suggest that the application of 
methylcholanthrene in benzene solution does not significantly alter the 
levels of inositol, choline, or p-aminobenzoic acid in mouse epidermis. A 
slight increase in pyridoxine content seems to follow treatment with methyl- 
cholanthrene (to 124 per cent of normal) and also with benzene alone (to 118 
per cent of normal). The most striking specific effect of methylcholan- 
threne is an apparent decrease in the biotin content to 64 per cent of normal. 


EXPERIMENTAL 


Material—Female Swiss mice, 3 to 6 months old, were used, except as 
indicated in Table III. The animals, in groups of thirty, were shaved over 
the entire back, only distilled water being used to wet the hair. After 
a 2 or 5 day interval, they were painted over the shaved areas either with 
reagent grade benzene or with a 0.6 per cent solution of 20-methylcholan- 
threne in benzene, a No. 5 camel’s hair brush being used, as previously de- 


* Aided by grants from the Jane Coffin Childs Memorial Fund for Medical Research, 
an anonymous donor, and the National Cancer Institute. 
t Present address, Osborn Botanical Laboratory, Yale University, New Hayen, 


Connecticut. 
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scribed (4). The benzene-treated controls and the methylcholanthrene- 
treated mice were painted three times a week, different groups receiving one, 
three, six, thirteen, or twenty-five paintings. The groups painted one or 
three times were killed with chloroform 10 days after the first painting; 
those painted six, thirteen, or twenty-five times were killed respectively 20, 
30, and 60 days after the first painting, while the untreated controls were 
killed 10 days after they were shaved. Before any of the animals were 
killed, they were dry-shaved, if necessary, to remove any regrown hair. In 
all cases the epidermis was separated by blunt dissection at 50°, according 
to the method of Baumberger, Suntzeff, and Cowdry (11). The pooled 
sample of epidermis from each group of thirty mice was dried in vacuo over 
phosphorus pentoxide at room temperature in the dark for a minimum of 
60 hours, and was stored under the same conditions. The dry weights of 
the pooled samples ranged from 0.4 to 0.8 gm. 

Extraction—Inositol and choline and most of the rest of the B vitamins 
are present in tissues in the bound form and must be in solution for assays. 
Liberation with acid was selected in preference to enzyme treatment (12), 
since acid hydrolysis is necessary for choline (13), and should be equally 
effective for biotin (14), p-aminobenzoic acid (15), and inositol (16). For 
liberation of pyridoxine, 1 n hydrochloric acid for 1 hour (17) and 2 n sul- 
furic acid for 4 hour (18) have been recommended. However, pyridoxine 
has been shown to stand autoclaving with 4 n sulfuric acid for } hour (19). 
Preliminary assays of epidermis gave as high or higher values for all five 
vitamins after treatment with 4 n sulfuric acid and neutralization with 
sodium bicarbonate as after 1 N sulfuric acid and neutralization with barium 
hydroxide (13). Under the conditions used, the salt concentration was 
found not seriously to interfere with the assays. Treatment with 4 n 
sulfuric acid for 2 hours at 15 pounds pressure was therefore selected for 
liberation of all five substances. After autoclaving with 1 cc. of acid per 
0.1 gm. of dry epidermis, each extract was diluted with water, neutralized 
to Congo red with sodium bicarbonate, filtered, made up to standard volume 
(1 ce. per 6 mg. of dry epidermis), and adjusted to pH 5.5. The solutions 
were placed in flasks, a few drops of toluene added, and the flasks corked 
and stored at 10° until needed. Assays run on samples stored up to 1 
month showed no significant alterations in the values for these five sub- 
stances. 

General Assay Procedure—aAll glassware used for assays or for storage of 
samples was routinely cleaned with chromic-sulfuric acid mixture and 
thoroughly rinsed. Different mutant strains of Neurospora were used for 
- the assays. These strains had been produced by x-ray and ultraviolet light 
treatment and each requires for growth a specific vitamin (10, 20). They 
can be used for bioassays of these vitamins by measuring the growth in 
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liquid medium (13). The growth of each strain is a function of the concen- 
tration of the required vitamin added. The minimal medium previously 
described (13) was made up in twice the final desired concentration, steri- 
lized, and diluted as required. 10 cc. lots of medium containing the desired 
supplements were placed in 50 cc. Erlenmeyer flasks, as used by Stokes et al. 
(17), plugged with purified absorbent cotton, and sterilized for 10 minutes 
at 15 pounds pressure. Each flask of medium was then inoculated with 1 
drop of a water suspension of conidia of the appropriate strain of Neuro- 
spora. Cultures grown on agar slants and not over 14 days old were used 
to prepare the inoculum. The flasks were incubated at 25° for 72 hours 
without shaking. At the end of this period, the mycelium was removed 
from the flask, placed on filter paper in a Biichner funnel, washed well with 
distilled water, removed from the filter paper, and dried in an oven at 90° 


TaBLe I 
Range of Vitamin Concentrations Effective for Strains of Neurospora 








Effective vitamin Bibliographic 
Vitamin Strain range per flask reference to other 
(10 cc. of medium) Neurospora assays 
7 
OE 0.00005- 0.001* | (21) 
ah erg ocean ra ‘« 34486 0.5 - 5.0 (13, 21-23) 
arn biG gr ame rehaen-ot 7 ‘« 37401 2.0 -10.0 (24) 
p-Aminobenzoic acid......... ™ “<< «1633 0.01 - 0.05 (15, 25) 
IE, o.e.d's ie tween meena’ **  sitophila 299 0.005 -0.07f | (17) 














* Biotin-free minimal medium. 
t Minimal medium containing 3 y of thiamine per 10 cc. 


for 2 hours. The dried mycelium was then weighed to the nearest 0.1 mg. 
directly on the pan of an analytical balance. 

Specific Assay Procedure—The strain of Neurospora used for each assay 
and the effective range of vitamin concentrations under the adopted condi- 
tions are given in Table I. Inositol was determined with N. crassa 37401 
essentially as described by Beadle (24). Strain 1633 (15, 25) was used for 
the assay of p-aminobenzoic acid. The wild type strain of N. crassa (strain 
1) was used for the determination of biotin by the same procedure as the 
other assays except that biotin-free medium was used. This was prepared 
in the same manner as the other minimal medium but with omission of 
biotin’ and with the use of sucrose which had been treated in 20 per cent 
solution with one-tenth of its weight of norit. (Hodson (21) has found the 
cholineless Neurospora crassa (strain 34486) satisfactory for biotin assays as 
well as for choline assays.) 





‘ The biotin used in this work was kindly supplied by Merck and Company, Inc., 
Rahway, New Jersey. 
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Pyridoxine was determined ny Ne urospora sitophila strain 299 essen- 
tially as reported by Stokes et al. (17), but instead of destroying thiamine 
in the extracts tested, an excess of Pr dot (3 y per 10 cc.) was added to the 
basal medium. Under these conditions, the stimulating effect of thiamine 
on the response of strain 299 to pyridoxine (26) increases the sensitivity of 
the assay, and incubation at 25° for 3 days is then adequate. The growth 
response to limiting amounts of pyridoxine was observed to be maximal and 
constant in the presence of from 1 to 6 y of thiamine per 10 cc. of medium, 


TaBLe II 


Within Series Reproducibility of Vitamin Assays and Recoveries of Added Vitamins 








l a Sal 
Epi- Vita- Vitamin found 

















, . | Duplicate dry Recovery 
Vitamin a | added | weight of mold es Gost Per ce. | of added vitamin 
| 
ce Y me. Y 7 7 | = 
Biotin 0.2 0 | 7.7, 8.2 0.000195) 0.00098, 
0.4 '0 ; 12.2, 11.8 (0.00038 | 0.00095) | 
0.6 0 | 15.4, 16.4 (0.00060 ; 0.0010 | | 
0.2 \0.0001) 10.4,9.6 (0.00030 '0.000108| 105 
Choline 0.1 )) 420, O08 1.5 15.0 
0.3 0 | 16.2, 16.3 4.55 15.2 
0.5 0O 20.4, 22.2 i7.2 14.4 
0.1 1.0 10.3, 10.5 (2.5 1.0 100 
Inositol 0.5 0 1.9,2.0 1.9 3.8 | 
1.0 0 4.7, 4.7 4.15 4.15 
2.0 0O 9.0, 9.2 6.75 3.4 
0.5 3.0 6.1, 6.1 5.0 3.1 103 
p Aminobenzoie acid 1.0 O 4.9, 4.6 0.019 0.019 | 
20 O 9.7, 9.4 0.028 0.014 
1.0 0.02 | 14.7,15.8 0.088 0.019 | 95 
Pyridoxu 0.5 0O 4.8, 5.4 0.0085 0.017 
1.0 0 9.0, 8.6 0.019 0.019 
0.5 0.01 8.3, 9.6 0.0195 0.011 110 


—— 





Neurospora crassa strain 34486 was used for the determination of choline 
essentially as described by Horowitz and Beadle (13), except that permutit 
adsorption of the extract was omitted. Preliminary assays of epidermis 
gave the same choline values with this procedure as with the hydrolysis and 
adsorption procedure of Horowitz and Beadle (see also Hodson (21), Luecke 
and Pearson (22), and Siegel (23)). The choline content of epidermis is 
apparently so high in relation to that of methionine that the removal of the 


latter is unnecessary. 
A standard curve was made for every run of each vitamin, with all con- 
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centrations in duplicate. For each sample of epidermis assayed, two or 
three levels of extract, in duplicate, were used for each determination. The 
amount of the vitamin in each extract was then estimated from the stand- 
ard curve. Typical results are given in Table II. In all assays the vita- 
min contents per gm. of dry epidermis calculated from the growth at differ- 
ent levels of extract were in good agreement, and the recoveries of added 
vitamins were satisfactory. The reliability of the extraction and assay 
techniques was tested by repeating the assays on several extracts at different 
times up to several weeks apart, and by assaying independently prepared 
extracts of the same samples of epidermis. In both cases the results agreed 
within the limits allowable for a bioassay. 


TABLE III 
Vitamin Content of Mouse Epidermis during Methylcholanthrene Carcinogenesis 
The values given are in micrograms per gm. of dry epidermis, for the number of 
groups indicated in parentheses. 











Treatment pNozot | Biotin | Choline | Inositol eetinc | Pyridoxine 
Y | Y Y Y Y 
Normal* 0.196 (5) | 2471 (5) | 526 (5) | 2.40 (5) | 2.45 (5) 
Benzene | 1 | 0.197 (2) | 2625 (2) | 539 (2) | 2.19 (2) | 2.70 (2) 
3 | 0.200 (2) | 2630 (2) | 536 (2) | 2.55 (2) | 2.57 (2) 
6 | 0.232 (2) | 3315 (2) | 632 (2) | 2.10 (2) | 3.49 (2) 
13 | 0.163 (3) | 2636 (2) | 568 (2) | 2.33 (3) | 2.76 (2) 
Methylcholanthrene 1 | 0.116 (2) | 2640 (2) | 535 (2) | 2.32 (2) | 2.72 (2) 
3 | 0.122 (3) | 2270 (3) | 516 (3) | 2.02 (3) | 2.96 (3) 
6 | 0.132 (2) | 2925 (2) | 569 (2) | 2.92 (2) | 2.95 (2) 
13 | 0.124 (2) | 2820 (2) | 547 (2) | 2.67 (2) | 3.29 (2) 
(2) | 2.14 (1) | 3.45 (2) 


25 0.136 (2) | 2791 (2) | 582 (2) 





* Includes two lots of mixed Swiss and New Buffalo mice. 


Results 


Tables III and IV present the results obtained with groups of mice 
painted with benzene up to thirteen times over a period of 1 month and 
with groups painted with a 0.6 per cent solution of 20-methylcholanthrene 
in benzene up to twenty-five times over a period of 2months. Dry weight 
of epidermis, rather than wet weight, was used as the basis of reference, 
since in separation of the epidermis from the dermis at 50° there was a 
variable loss of water from the tissue. 

There was no change in the values for p-aminobenzoic acid following the 
application of either benzene alone or methylcholanthrene in benzene. 
Choline and inositol values showed a slight increase in the methylcholan- 
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threne-treated mice with a somewhat greater increase in the benzene contro] | 
mice. In the benzene controls, the choline averaged 113 per cent of the | 











a 6 ' ma 
normal and the inositol 108 per cent of normal. However, as is shown ip os 
Table II, the method of assay has an error of at least 10 per cent and there- “ 
fore no conclusions can be drawn from these small changes in value. The spo 
pyridoxine values showed a somewhat greater increase, to 118 per cent of (28 
normal in benzene-treated mice and to 124 per cent in methylcholanthrene. tre: 
treated mice. in | 

Of the vitamins studied, the biotin content showed the most marked ( 
change, the average for the mice treated with methylcholanthrene in ben- chs 
zene being 64 per cent of normal, while the average for the benzene controls 32) 
was 99 per cent of normal. With methylcholanthrene painting the biotin ] 
content was slightly lower after one painting than it was after a number of in { 
paintings. Although the average biotin value for all of the benzene con- cal 
trols was 99 per cent of normal, benzene alone may have some depressing bio 

TaBLe IV Ky 
Summary of Vitamin Content of Mouse Epidermis during Methylcholanthrene . 
Carcinogenesis 

The values are averages in per cent of the values for normal epidermis, for the 
number of groups indicated in parentheses. ; i 

inos 
Treatment of epidermis | Biotin | Choline | Inositol 2Amino- | Pyridoxine met 
Benzene...... 2 | 99 (9) | 113 (8) | 108 (8) | 96 (9) | 118 (8) Pr 
Methylcholanthrene......... | 64 (11) | 107 (11) | 104 (11) | 100 (10) | 124 (11) mat 
T 
effect upon the biotin content of the epidermis, since after thirteen benzene mer 
paintings the biotin value was 83 per cent of normal. the 
peat 

DISCUSSION 


The validity of the observed variation in the biotin content of mouse 
epidermis during methylcholanthrene carcinogenesis is perhaps supported 
by the consistency of the results obtained for the other vitamins determined 
and for biotin in normal epidermis. The fall in biotin occurs rapidly, after 
only a single application of methylcholanthrene, and is in this respect 
analogous to the behavior of the iron and calcium (2) and the total fat (4). 
This lowered biotin content may result from altered biotin metabolism. 


On ek Whe 
eo 


a 

Burk and Winzler have suggested that the metabolism of biotin vitamers 8. | 
may be abnormal in tumors (27). 9. I 
Although the slight increases in pyridoxine content with methylcholan- 10. E 
ll. E 


threne treatment are not statistically significant, further determinations 


12. € 
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may support the apparent trend toward higher pyridoxine levels and make 
possible an appraisal of the validity of the rise with benzene treatment 
alone. The pyridoxine values represent ‘‘total Bs’’ content, since Neuro- 
spora responds equally well to pyridoxine, pyridoxal, and pyridoxamine 
(28). Assays for specific vitamin Bs derivatives in methylcholanthrene- 
treated epidermis might be quite illuminating in regard to a possible change 
in pyridoxine metabolism. 

Changes in both biotin and pyridoxine levels might be associated with 
changes in nitrogen metabolism, since both biotin (29) and pyridoxine (30- 
32) seem to be concerned with nitrogen metabolism. 

Finally, it should be emphasized that the biochemical changes reported 
in this and previous communications from this laboratory (2—5) represent 
only steps toward the development of a complete, unified picture of all the 
biochemical changes taking place in epidermis during methylcholanthrene 
carcinogenesis, and that only the complete picture may enable the relation 
of any changes to the development of malignancy. 


SUMMARY 


By the use of mutant strains of Neurospora the levels of biotin, choline, 
inositol, p-aminobenzoic acid, and pyridoxine have been followed during 
methylcholanthrene carcinogenesis. 

No significant changes in inositol, choline, or p-aminobenzoic acid were 
observed. The pyridoxine content appeared to increase slightly after either 
methylcholanthrene or benzene treatments. 

The biotin content was found to decrease after methylcholanthrene treat- 
ment, reaching a level of 64 per cent of normal after a single application of 
the carcinogen, and maintaining approximately the same level during re- 
peated paintings over a period of 60 days. 
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THE HYDROLYSIS OF HYDANTOIN BY VARIOUS TISSUES 
By FREDERICK BERNHEIM anp MARY L. C. BERNHEIM 


(From the Departments of Physiology and Pharmacology and of Biochemistry, Duke 
University School of Medicine, Durham, North Carolina) 


(Received for publication, February 14, 1946) 


In 1912 Lewis (1) administered hydantoin to rabbits, cats, and dogs 
and came to the conclusion that the ring was not readily broken in the body. 
Gaebler and Keltch (2) some years later showed that some hydantoin was 
excreted as hydantoic acid after injection into dogs. Wada (3) claimed 
that urea was produced from hydantoin after incubation with milk or 
certain tissue suspensions. Finally, Kozelka and Hine (4) gave diphenyl- 
hydantoin to men and dogs and found that 1 to 5 per cent was excreted as 
the corresponding hydantoic acid and 10 to 27 per cent as a-aminodiphenyl- 
acetic acid. About 30 per cent of the drug was unaccounted for. It was 
therefore of interest to investigate the metabolism of hydantoin and the 
dipheny!] derivative in detail by in vitro methods. 


EXPERIMENTAL 


The first experiments were done with rat liver slices suspended in Krebs’ 
bicarbonate solution. 300 mg. of slices (wet weight) were suspended in 
4.0 ce. of solution and placed in 50 cc. Erlenmeyer flasks in an atmosphere 
of 95 per cent O2 and 5 per cent CO, or 95 per cent Nz and 5 per cent COs. 
2.0 to 4.0 mg. of hydantoin or diphenylhydantoin (kindly supplied by Dr. 
E. A. Sharp of Parke, Davis and Company) were added and the vessels 
incubated for 3 to 4 hours at 37°. At the end of this time 1.0 cc. of 20 per 
cent trichloroacetic acid was added to each vessel and the precipitated 
protein was centrifuged down. An aliquot of the supernatant fluid was 
subjected to Archibald’s (5) procedure for citrulline, which gives no color 
with the hydantoins but does with the hydantoic acids, and another aliquot 
to Bonsnes and Taussky’s (6) creatinine method which gives a color with 
hydantoins but not with the coresponding acids. By these methods the 
following facts were established. Hydantoin is rapidly hydrolyzed by 
rat liver slices, and less rapidly by kidney. The hydrolysis occurs equally 
well with or without oxygen, and in the presence of cyanide. Diphenyl- 
hydantoin, however, is not hydrolyzed. It is very insoluble and possibly 
the negative result is due to an inadequate concentration of substrate in 
solution. To certain of the vessels in which hydantoin had been incubated 
a solution of urease was added at the end of the experiment before the 
addition of the trichloroacetic acid. After 30 minutes incubation at 40° 
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the solutions were tested both for the presence of hydantoic acid and am- 
monia, the latter by a vacuum distillation method. The results showed 
that no urea was formed either aerobically or anaerobically. 

When these facts had been established, tissue supensions were substituted 
for slices. Rat liver suspensions hydrolyze hydantoin rapidly and the 
hydantoic acid produced will displace carbon dioxide from solution, thus 
making it possible to obtain accurate measurements of the rate of reaction. 
The suspensions were made in 0.05 m phosphate buffer of pH 7.8 containing 
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Fic. 1. The hydrolysis of 1.0 and 2.0 mg. of hydantoin by dialyzed rat liver suspen- 
sion, pH 7.8, 37°, and the effect of monoiodoacetate, cyanide, and arsenite on the rate 
of hydrolysis of 2.0 mg. The double arrow represents the theoretical CO, production 
for the hydrolysis of 1.0 mg. of hydantoin to hydantoic acid. 


0.05 m sodium bicarbonate and were equilibrated in Warburg vessels with 
95 per cent Nz and 5 per cent CO». The hydantoin was added from the 
side arm and the CO, evolution measured in the usual way. Fig. 1 shows 
that the theoretical amount of CO, is displaced and that the amount is 
proportional to the concentration of hydantoin. 

The distribution of the enzyme in various organs and animals was first 
studied. It is active in rat liver and less active in rat kidney, but is absent 
from blood and brain. It is present in dog liver and kidney, cat kidney, 
questionably in cat liver, and in frog liver. It is absent from dog and cat 
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blood, mouse liver, rabbit and guinea pig liver, kidney, and blood, and 
frog kidney. 100 mg. of pancreatin (Merck) do not hydrolyze hydantoin. 
With the exception of the mouse, it seems that the enzyme is present in 
omnivores and absent in herbivores. Neither diphenylhydantoin nor 
barbituric acid is hydrolyzed by any of these tissues. 

The characteristics of the enzyme in rat liver were studied. The tissue 
suspension can be dialyzed for 18 hours without loss of activity. Precipi- 
tation of the suspension with half saturation of ammonium sulfate or 50 
per cent alcohol and subsequent dialysis yields only inactive fractions. 
Precipitation with acetone causes approximately a 50 per cent loss in 
activity. The rate of hydrolysis in dialyzed liver suspension is not affected 
by 0.4 X 10- m sodium cyanide, 0.6 X 10-* m cysteine, 0.3 X 10° mM 
monoiodoacetate, 3.6 X 10-? m sodium fluoride, nor a saturated solution of 
diphenylhydantoin, but is about 80 per cent inhibited by 0.2 X 107 m 
sodium arsenite. These results are shown in Fig. 1. The enzyme has 
no sharp pH maximum in the range studied. Thus the rates of hydrolysis 
at pH 6.7, 7.8, and 8.6 are within 10 per cent of each other. 


DISCUSSION 


As far as we are aware the known peptidases do not hydrolyze hydan- 
toins and this suggests that a specific enzyme is involved. Its function 
in the animal is not clear, for hydantoins do not occur in nature. It is 
possible that substituted hydantoins are also hydrolyzed by the enzyme, 
as suggested by the results of Kozelka and Hine with diphenylhydantoin. 
The failure to show hydrolysis of this latter compound in vitro may simply 
be due to its insolubility in water at physiological hydrogen ion concentra- 


tions. 
SUMMARY 


The distribution and properties of an enzyme that hydrolyzes hydantoin 
have been described. 
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TRANSAMINATION IN GREEN PLANTS 


By NIILO RAUTANEN 
(From the Biochemical Institute, Helsinki, Finland) 


(Received for publication, March 5, 1946) 


The transamination reaction discovered by Braunstein and Kritzmann 
(1) in 1937 seemed, according to their investigations performed with animal 
tissues, to explain the formation of all amino acids in them. In this lab- 
oratory, the reaction has been under investigation during the elucidation 
of the synthesis of amino acids in green plants, in which the said reaction 
was demonstrated by Virtanen and Laine (2) in 1938. It was noted in the 
system /(+)-glutamic acid + oxalacetic acid = a-ketoglutaric acid + 
l(—)-aspartic acid, and also in the systems /-aminodicarboxylic acids + 
pyruvic acid and /-aminodicarboxylic acids + a-ketoisocaproic acid. 
In the former case the reaction was strong; in the latter weak. Hydroxy- 
glutamic acid did not transfer its amino group with pyruvic acid. When 
phenylpyruvic acid was the other component with J/-aminodicarboxylic 
acids, no transfer of amino groups occurred (3). 

I have examined the transamination in green plants further, both with 
crushed plant material and by the vacuum infiltration method, and have 
noted that many different plant tissues contain agents which catalyze 
the reaction. ® 

Analytical Methods 


Aminodicarboxylic acids were precipitated according to the method of 
Foreman. Aspartic acid was determined, after precipitation according to 
Foreman, with the malic acid method of Pucher (4) adapted by Arhimo 
(5) to aspartic acid. 

Results 


In systems in which /-glutamic acid or a-ketoglutaric acid acted as the 
dicarboxylic acid component, the reaction maximum was reached in 40 to 
60 minutes. When /-aspartic acid or oxalacetic acid was the dicarboxylic 
acid component, the reaction was slower and the percentage of transamina- 
tion lower (Fig. 1). In systems of both kinds, the optimum pH was 
about 6.9 (Fig. 2) and the optimum temperature 41° (Fig. 3). 

In the following combinations, the rate of reaction was found to decrease 
in the following order. 

(1) a-Ketoglutaric acid + /(—)-aspartic acid = 
1(+)-glutamic acid + oxalacetic acid 
(2) a-Ketoglutaric acid + /(+)-alanine = 1(+)-glutamic acid + pyruvic acid 
687 
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— — | 
(3) Oxalacetic acid + 1(+)-alanine = 1(—)-aspartic acid + pyruvic acid 
(4) a-Ketoglutaric acid + 1(+)-valine — 1(+)-glutamic acid + a-ketovalerie acid 


The reaction last mentioned was weak. 
With the following acid combinations transamination could not be ai 
demonstrated: /(+)-glutamic acid + phenylpyruvic acid, a-ketoglutarie 
acid + /(—)-tyrosine, /(—)-aspartic acid + phenylpyruvic acid, oxalacetic 
acid + /(—)-tyrosine, oxalacetic acid + /(+)-valine. Kin 
Virtanen and Laine stated that the important amides in plants, glutamine 


























: , up to 
and asparagine, are not able to transfer the amino group. pai 
norma 
40 Fig. 1 40 Fig 2 40 Fig, 3 in the 
vation 
30 30 so highly 
= slow t 
5 pe be 20 (6). 
oe ne influel 
Eb y 10 concel 
2 ‘ humai 
E é0 120 5 é Z 2 20, 30 S050 
Min. pH *C. 
Figs. 1 to 3. The solid circles represent glutamic acid + pyruvic acid; the clear 
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Soh 
It is apparent that the formation of certain aliphatic amino acids, eat ! 
notably of alanine, occurs through transamination in plants. On the other stock 
hand, in the formation of aromatic amino acids, this reaction mechanism soluti 
does not seem to have any direct influence. Accordingly, these amino | 400 4 
acids must be formed through some other mechanism. It is interesting bath : 
to emphasize in this connection that most amino acids can be regarded as of the 
derivatives of alanine. filled, 
pump 
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PRESSURE AND PROTEIN DENATURATION 


By FRANK H. JOHNSON* anp DAN H. CAMPBELL 


(From the Gates and Crellin Laboratories of Chemistry, California Institute of 
Technology, Pasadena) 


(Received for publication, February 6, 1946) 


Kinetic analyses have indicated that moderate hydrostatic pressures, 
up to some 700 atmospheres, oppose reversible and irreversible denatura- 
tions of certain enzyme systems, apparent at temperatures above the 
normal optimum of the enzyme reaction, as well as at lower temperatures 
in the presence of denaturants such as alcohol (1-4). Qualitative obser- 
vations have shown that such pressures also retard the precipitation of 
highly purified human serum globulin and egg albumin at 65° (5) and 
slow the destruction of specific antitoxic activity at the same temperature 
(6). In this study we have obtained quantitative data with regard to the 
influence of various pressures, up to 10,000 pounds per sq. in., and of low 
concentrations of ethyl alcohol on the time course of precipitation of 
human serum globulin’ at 65° and pH 6.0. 


EXPERIMENTAL 
Methods 


Solutions of approximately 2 per cent globulin were made in 0.8 per 
cent NaCl containing 0.01 m phosphate buffer, pH 6.0. Portions of the 
stock solution were generally diluted to one-third with the buffered salt 
solution, and then distributed in 100 X 13 mm. test-tubes. For denatura- 
tion at normal pressure, the tubes were stoppered and placed in a water 
bath at 65° + 0.02°. Similar tubes were completely filled with portions 
of the same solution, closed with rubber stoppers, and placed in a water- 
filled, steel pressure chamber which was then attached to a hydraulic 
pump. The desired pressure was applied and the entire chamber was 
placed in the same water bath.” Temperature equilibration required 24 
minutes outside, and 53 minutes inside the pressure chamber. The lag 


* Fellow of the John Simon Guggenheim Memorial Foundation, from the Depart- 
ment of Biology, Princeton University, Princeton, New Jersey. 

' The preparation of human serum globulin was obtained through the kindness of 
Professor E. J. Cohn of the Harvard Medical School. Electrophoretic analysis indi- 
cated 94 per cent y-, 3 per cent a-, and 3 per cent 8-globulin. The preparation con- 
tained pseudoglobulin as well as euglobulin. It was made under a contract, recom- 
mended by the Committee on Medical Research, between the Office of Scientific Re- 
search and Development and Harvard University. 
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in heating, for which allowance in timing was always made, introduced , | 


source of error because of the changing rates of reaction with rise in temper. 
ature. Because of the high temperature coefficient of denaturation, 
however, this error was small, except with very brief periods of heating 
Substantial agreement (within 5 per cent) was obtained between the 
amount of precipitate in tubes heated for an equivalent period of 30 minutes 
outside the pressure chamber and inside the chamber under a pressure of 
only 100 pounds per sq. in. At the end of the designated period of heating, 
the pressure chamber was placed in a water bath at room temperature, 
which very quickly cooled the specimens to a temperature which gave 
rise to no appreciable further denaturation. The tubes that were not 
subjected to pressure cooled sufficiently rapidly in air on removal from 
the 65° water bath. 

After being heated, the solutions were centrifuged for 20 minutes at 
25,000 times gravity, while the rotor was maintained at a low temperature 
by dry ice placed on the top of the centrifuge. The precipitates were 
discarded and the supernatants analyzed for the nitrogen in solution by 
micro-Kjeldahl determinations. In most cases the supernatant showed a 
distinct opalescence. This was much less noticeable in the specimens 
containing alcohol. The error caused by the presence of small amounts 
of denatured protein remaining in suspension was very small, however, 
except when the total amount of denaturation was slight, as with short 
periods of heating such as 5 to 10 minutes, or with longer periods of heating 
under high pressures. 


Influence of Initial Protein Concentration and Products of Denaturation 
on Time Course of Reaction 


With solutions containing between 2.0 and 0.2 per cent protein at the 
start, the percentage of the original quantity of protein remaining in 
solution after 30 minutes at 65° did not vary significantly with the initial 
concentration. The amount of protein precipitated in this time was 
usually about 50 per cent of that initially present, with some variation, 
for reasons not entirely clear, in repeated experiments with different solu- 
tions made up from the same lot of the dry globulin. Fig. 1 represents the 
course of protein denaturation in three solutions prepared as follows: 
Solution A, from which the other two were prepared, contained 1.85 per 
cent protein. A portion of Solution A was diluted to a concentration oi 
0.7 per cent protein, giving Solution B. Solution C was obtained by 
heating a portion of Solution A for 30 minutes at 65°, centrifuging, dix 
carding the precipitate, and saving the supernatant. The three solutions 


were stored for 1 week at 3-6°, and then treated at 65° simultaneously. | 


Fig. 1 shows that both the undiluted (Solution A) and diluted (Solution B) 
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solutions follow the same curve for the percentage of the initial quantity 
of protein precipitated with time. The partially denatured Solution C, 
from which the precipitate had been removed, indicates very much the 
same curve, when the period of preheating and amount of precipitate that 
was removed earlier are taken into account. The same data for this 
solution, computed on the basis of the amount of protein in solution at the 
start of the second heating as 100 per cent, give the uppermost curve, which 
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Fic. 1. Denaturation of human serum globulin at 65°. Solid circles, Solution A 
(see the text ) containing globulinin a concentration of 1.85 per cent, before treatment; 
open circles, Solution B, obtained by diluting Solution A to an initial concentration 
of 0.7 per cent proteininsolution. The triangles refer to Solution C, the supernatant 
of a portion of Solution A that had been partially denatured by being heated for 30 
minutes at 65°. It was then centrifuged, the precipitate was discarded, and the 
supernatant was stored for 1 week at 3-5°. The solid triangles show the course of 
precipitation in Solution C with the protein in solution at the start of the second 
heating taken as 100 per cent. The open triangles illustrate the same data, but take 
into account the time of denaturation and amount of protein precipitated in the first 
heating, with the original concentration of 1.85 per cent protein as 100 percent. The 
scale of the ordinate is logarithmic. 


shows a slight lag and the lack of a relatively rapid denaturation during the 
first 30 minutes. In other experiments, in which the solutions were first 
heated for 30 minutes at 65°, then maintained at room temperature for 
periods of 12 minutes to 4 hours without removal of the precipitate and 
again heated at 65°, the same curve as that observed for continuously heated 
solutions was obtained. 

The foregoing results indicate that the specific rate of denaturation is 
first order with respect to the initial amount of protein, and is essentially 
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independent of the products of the reaction. The shape of the curve, 
however, shows that the reaction is not unimolecular, but is more complex, 
as is evidenced by the decreasing rate with time. In these respects the 
over-all reaction resembles that for the denaturation of diphtheria antitoxin 
by urea (7) at room temperature, and for the denaturation of anti-Staphy- 
lococeus hemolysin at 65° under both normal and increased pressure (6), 
The general shape of the curve is also similar to that for the denaturation 


of tetanus antitoxin at 65° (8). 
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Fre. 2. Influence of alcohol on the rate of precipitation at 65° of globulin solutions 
having a concentration of 0.69 per cent protein before treatment at 65°. These con- 
centrations of alcohol caused no visible precipitation over long periods of time at room 
temperature. Logarithmic scale on the ordinate. 


Influence of Alcohol—Small concentrations of ethyl alcohol increase 
the rate of precipitation, as is illustrated by the data in Fig. 2 from an 
experiment with a single stock solution of globulin. The concentration 
of alcohol required to bring about a precipitation of the protein at room 
temperature is of the order of 10 times the concentrations that markedly 
increase denaturation at 65°. The shape of the curve for each concen- 
tration is the same, however, if the time scale is changed, as is shown by 
the straight lines which result when the logarithm of the proportion of 
the protein originally in solution is plotted against the logarithm of the 
time of denaturation. These lines have practically the same slope but 
differ in position on the abscissa (Fig. 3). Thus, in accord with the ob- 
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servations of Lepeschkin (9) on the similarity of the heat and alcohol 
denaturation of egg albumin, as well as the recently studied effects of 
alcohol on the luminescent system (4), the action of alcohol appears to be 
essentially that of accelerating the denaturation reaction. Preliminary 
analyses, based on the relation between the logarithm of the concentration 
of aleohol and the logarithm of the amount of acceleration, indicate that 
an average of approximately 1.5 more molecules of alcohol are combined 
with the activated protein molecule undergoing denaturation than with the 
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Fic. 3. The data of Figs. 4 to 7, plotted on logarithmic scales as the percentage of 
the quantity of protein in solution before being heated, against the time of heating 
at 65°, with and without alcohol, under normal and increased hydrostatic pressure, 
respectively. Only representative curves are shown to avoid crowding. The scale 
is logarithmic on both the ordinate and abscissa. 


normal molecule. A definite value for this ratio must await clarification 
of the reason for the apparent change in rate of precipitation during the 
course of the reaction. 

Action of Hydrostatic Pressure—Hydrostatic pressure retards the rate 
of precipitation both in the presence and in the absence of alcohol. The 
results of a series of experiments with pressures up to 7500 pounds per sq. 
in. are shown in Figs. 4 to 6, in which the curve for normal pressure in each 
case represents the average of five repeated determinations. Fig. 7 shows 
the results of a single experiment with reference to the effects of 10,000 
pounds pressure in comparison with atmospheric, and with alcohol con- 
centrations of 0, 0.2, and 0.3 mM, respectively. In all cases, the effect of 
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alcohol is to increase, while that of pressure is to decrease the rate of 
precipitation. High pressures cause a conspicuous lag in precipitation, 
which hardly represents a complete initial prevention of denaturation, but 
rather a very pronounced slowing of a reaction, whereby the concentration 
of denatured molecules in solution builds up enough to form a precipitate. 
The source of error referred to earlier no doubt tends to exaggerate this 
effect; z.e., with very small amounts of precipitate, it is difficult to clarify 
the solution in the centrifuge. Moreover, a slight evaporation of the soly. 
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Fic. 4. The influence of hydrostatic pressure on the rate of precipitation without 
added alcohol. The curve at normal pressure is the average of five repeated experi- 
ments. The data for each of the curves are from a separate pressure experiment. 
Initial concentration of globulin in the different experiments, from 0.74 to 0.85 per 
cent. Logarithmic scale on the ordinate. 

Fic. 5. The effects of hydrostatic pressure on the rate of precipitation at 65° of 
globulin solutions containing 0.2 m ethyl alcohol. The curve for normal pressure 
represents the average of five repeated experiments, the others a single experiment. 
Logarithmic scale on the ordinate. 


tion during the centrifugation would contribute in the same direction to 
this error. At lower pressures, the rapidity of denaturation makes it diff- 
cult to obtain accurate observations during the first few minutes, but when 
data including the amount of denaturation at the end of the first 10 minutes 
are plotted with somewhat broader spaces per time unit on the abscissa 
(e.g., Fig. 2), it is apparent that there is a period of slow precipitation at 
the start, followed by more rapid precipitation, and a subsequent slowing 
(cf. also Fig. 3). 

The changing rates of precipitation with time of heating may be ac- 
counted for either by a heterogeneity of the protein molecules, the net 
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Fic. 6. Influence of hydrostatic pressure on the rate of precipitation at 65° of 
globulin solutions containing 0.3 m ethyl alcohol. The curve at normal pressure 
represents the average of five experiments, the others a single experiment. Logarith- 
mic scale on the ordinate. 
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Fic. 7. The rate of precipitation at 65° of globulin solutions, in a concentration of 
0.69 per cent protein at the start, containing 0, 0.2, and 0.3 m alcohol, respectively, 
under normal and 10,000 pounds per sq. in. hydrostatic pressure. The data are from 
& single experiment. Logarithmic scale on the ordinate. 


result representing the summation of reactions with different specific 
rate constants, or as the result of a complex of reactions with homogeneous 
molecules, or both. The effects of high pressure in greatly prolonging the 
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initial time required for the formation of an appreciable amount of pre- 
cipitate suggest that the first step involves a denaturation reaction with 
a very large volume change of activation (10). The following experiment 
provides evidence that a subsequent reaction, possibly an equilibrium, 
which is characterized by a small volume increase of the final over the 
initial states, is involved in the precipitation of the denatured protein. 

Tubes containing an initial concentration of 0.686 per cent globulin with 
0, 0.2, and 0.3 m alcohol, respectively, were treated in triplicate at 65° 
for 40 minutes. One set was cooled to room temperature, a second set to 
4°, in both cases under atmospheric pressure, and the third set to 4° under 
10,000 pounds pressure. After 21 hours, the tubes at room temperature 
were analyzed in the usual manner. The specimens which had been kept 
at 4° were centrifuged in a rotor precooled approximately to this tempera- 
ture, and maintained at a low temperature throughout the centrifugation. 
The results are summarized in Table I, which indicates first that, as might 
be expected, there is an increase in floeculated protein at low temperatures, 
and second, that a high pressure opposes this increase. Moreover, the 
amount of precipitate that has already formed at room temperature may 
be decreased by subjecting the specimens to high pressure over a long 
period of time, as is shown by the data in Table II, which are taken from 
an experiment with a similar series of triplicate tubes. Denaturation was 
first carried out at atmospheric pressure for 20 minutes at 65° and all 
tubes were cooled to room temperature. The first set was centrifuged and 
analyzed very shortly thereafter. The other two sets were maintained 
for 64 hours at room temperature, one set under normal pressure, the 
other under 10,000 pounds. From Table II, it is apparent that, within 
the limits of experimental error, the amount of precipitate did not increase 
on long standing at room temperature. On the other hand, a significant 
decrease in the amount of precipitate occurred as a result of high pressure. 
It is possible, of course, that this effect takes place to some extent through 
a reversal of the denaturation reaction, but it would seem more likely that 
it represents an action of pressure on the flocculation of the denatured 
molecules, in an equilibrium with a negative heat and positive volume 
change of reaction. 

The data in Tables I and II indicate that the pressure effect on the 
amount of precipitated protein is considerably less marked in the presence 
of alcohol, in some cases scarcely exceeding the range of experimental error. 

With regard to the total reaction, the complexity of the kinetics makes 
it difficult to arrive at a satisfactory analysis until definitive data are avail- 
able with respect to the possible significance of heterogeneity of the mole- 
cules and the specific reactions that are responsible for the results measured. 
Heterogeneity is perhaps an important factor in the apparent change in 
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rate of denaturation during the course of the reaction, thus making it 
desirable to use as homogeneous a preparation as possible in further studies. 
Apart from the initial lag, which was conspicuous at high pressures although 
hardly appreciable at normal pressure, straight lines with a slope of ap- 
proximately 0.5 result when the logarithm of the percentage of the amount 
of protein in solution at the start is plotted against the logarithm of the 
time heated at 65°, with as well as without alcohol, under pressures up to 


TaBieE I 


Influence of Temperature and Pressure on Amount of Precipitate Formed after Heating 
0.686 Per Cent Globulin Solution for 40 Minutes at 65° and Atmospheric Pressure 

















| Ppt. after standing | | P 
pt. after standing pt. after 21 hrs. | | Per cent 
| 21 hrs. at room Ppt. —? hrs. | at 4° under 10,000 lbs.| Percent | decrease in 
Concen- | temperature pressure | increase in | ppt. at 4° 
—_< as ppt: at 4° | under 10,000 
alcohol Per cc. Percent | Per cc. | Per cent | Perce. Per cent | 74) 100 7 Ay we 
proteinin| pptd. |proteinin| pptd. | protein in| pptd. | A ( ) 100 
| solution A) | solution | (B) solution | (C) B 
a | | | | | 
2 ee eee | 
0.0 | 3.58 47.8 2.96 | 57.0 | 3.30 | 51.9 19.3 | 8.9 
0.2 2.42 64.8 2.09 | 69.6 2.27 | 67.0 | 7.4 3.7 
0.3 | 2.04 | 70.3 | 1.70 i wmalio|naz7! ve | 47 
TaB.e II 


Influence of 10,000 Pounds Pressure for 64 Hours at Room Temperature on Amount of 
Precipitate from 0.7386 Per Cent Globulin Solution Treated 20 Minutes at 65° and 
Atmospheric Pressure 

















| After 64 hrs. 
aot cent 
. . ler | ecrease in 
Concentra- Per cc. Per cent Atmospheric pressure {Under 10,000 lbs. pressure} ppt. under 
tion of protein in | pptd. {_———— | “pressure 
alcohol | solution (A) Perce. | Percent Perce. | Percent |(/B—-C 100 
proteinin | pptd. protein in pptd. B 
| | solution (B) solution | (C) 
M | omg. ae mg. | 
0.0 4.40 40.1 | 4.30 41.5 5.28 | 28.6 | 31.1 
0.2 3.12 57.5 3.10 57.8 | 3.55 51.7 10.5 
0.3 2.58 64.9 2.5 | 65.6 | 2.87 | 61.0 | 7.0 





5000 pounds per sq. in. Apparently the same relation holds for experi- 
ments with pressures of 10,000 pounds per sq. in., although fewer points 
are available along the curve, since the amount of denaturation was much 
less. The curves for the over-all reaction are thus largely the same except 
for the time scale, and the effect of pressure, as judged by these data 
obtained with the usual procedure, appears to be independent of the 
alcohol concentration. Furthermore, the magnitude of the pressure effect 
indicates a large volume increase of activation in the denaturation process, 
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of the order of 100 cc. per mole of protein, which is of the same order as the 
value calculated for the luminescent system either in the presence or absence 
of alcohol (4). 


The authors take pleasure in acknowledging the interest as well as 
lengthy discussions and assistance of Professor Linus Pauling in connection 
with this study. 


SUMMARY 


At 65° and pH 6.0, the denaturation of highly purified human serum 
globulin at atmospheric pressure takes place at a complex rate which 
decreases progressively after about 40 per cent of the protein initially in 
solution has precipitated in the first 20 minutes. To some extent, the 
change in rate may be due to heterogeneity of the molecules. The specific 
rate, however, is very nearly the same with initial protein concentrations 
between 2.0 and 0.2 per cent. 

The rate of denaturation is slowed by hydrostatic pressures up to 5000 
pounds per sq. in., but the shape of the curve is the same, except for the 
difference in the time scale. A pressure of 10,000 pounds per sq. in. 
greatly retards the rate of precipitation and causes a marked initial lag of 
nearly an hour during which only slight precipitation occurs. The mag- 
nitude of the pressure effect indicates a volume increase of activation for 
the denaturation reaction of the order of 100 cc. per mole of protein in the 
process of activation of the reacting molecules. 

The rate of denaturation at 65° is increased by ethyl alcohol, in relation 
to its concentration, from 0.05 to 0.60 m, but the shape of the curve remains 
essentially the same. Pressure retards the denaturation in the presence 
of alcohol, apparently independently of concentration up to 0.3 m. 
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THE QUININE-OXIDIZING ENZYME AND LIVER ALDEHYDE 
OXIDASE* 
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A derivative of quinine formed in minced rabbit liver has been isolated by 
Kelsey et al. (1), and identified by Mead and Koepfli (2) as a carbostyril. 
Hence quinine is oxidized in liver with replacement of the hydrogen atora in 
position 2 of the quinoline ring by a hydroxy group. Analogous oxidation 
products are excreted by men receiving the four principal cinchona 
alkaloids. This change is important in the chemotherapy of malaria, 
because the oxidation of these compounds markedly reduces their anti- 
malarial activity (3). The activity of some quinoline compounds can be 
greatly enhanced if this oxidation is prevented by appropriate substitution 
(4). The nature of the metabolic system able to perform this oxidation is 
consequently of considerable pharmacological interest, and it was hoped 
that its biochemical] function as well could be approached by studying the 
reaction with a series of quinoline derivatives. By the use of such com- 
pounds as substrates, the enzyme responsible for their oxidation has been 
prepared in about 5 per cent purity. It specifically acts on unsaturated 
heterocyclic compounds with an active a-hydrogen and is intimately .as- 
sociated with the flavoprotein, liver aldehyde oxidase. 


Methods 


Reagenis—The synthetic antimalarials used were supplied by various 
laboratories cooperating with the malaria program of the Office of Scientitic 
Research and Development. These ‘‘SN number’ compounds are described 
fully elsewhere (4), but were generally of a high degree of purity. Iso- 
quinoline, quinaldine, quinoline, and crotonaldehyde were redistilled in 
vacuo, and the bases recrystallized as the acid salts before use. Coenzyme I 
(5) and diaphorase (6) were prepared by the standard methods. Other 
compounds were used as obtained commercially. Propamidine was kindly 
furnished by Dr. D. F. Robertson of Merck and Company, Inc., and the 
pure quinine carbostyril by Dr. F. E. Kelsey. 


* The work described in this paper was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and Devel- 
opment and New York University. 

t Present address, Department of Medicine, College of Physicians and Surgeons, 
Columbia University, New York. 
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QUININE-OXIDIZING ENZYME 


Chemical Assays—For determination of the cinchona alkaloids the 
enzyme reaction was stopped with metaphosphoric acid, so as to eliminate 
blank fluorescence and adsorption of the drug on the precipitated proteins 
(7). Quinine carbostyril was determined in the resulting supernatant by 
its fluorescence at pH 10 in borate buffer, and compared with a standard in 
an identical blank preparation. The quinine fluorescence is completely 
quenched at this pH. Quinine was determined by its fluorescence in ethyl- 
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Fic. 1. Rate of cinchonidine oxidation as a function of enzyme concentration. 
Each Thunberg tube contained 0.3 ml. of 4 X 10-* m cinchonidine, 0.1 ml. of 0.1 per 
cent methylene blue, and 0.1 m phosphate buffer, pH 7.6. Total volume 2.5 ml., 37°. 


ene dichloride and trichloroacetic acid after removal of quinine carbostyril 
with NaOH by an unpublished method of Brodie. Cinchonidine was 
determined by the methyl orange method of Brodie and Udenfriend (8). 
The measurements of oxygen uptake were made in a Warburg manometer 
with the usual technique. The enzyme showed no blank oxygen uptake or 
CO, evolution. A Beckman spectrophotometer was used in the absorption 
determinations. 

Assay of Enzyme—The activity of the enzyme is determined by the rate of 
methylene blue reduction with cinchonidine as substrate. A unit of enzyme 
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activity was arbitrarily chosen as that amount of enzyme in a total volume 
of 2.5 ml. which would reduce 0.1 ml. of 0.1 per cent methylene blue in 60 
seconds. The reaction is carried out in phosphate buffer at pH 7.6 with a 
cinchonidine concentration above 2 X 10m. The substrate is placed in 
the hollow stopper, the tube evacuated for 5 minutes, and the solutions 
mixed after 2 minutes incubation at 37°. Amounts of enzyme are chosen 
that will cause reduction in 20 to 60 seconds. During longer reaction 
periods the enzyme is progressively inactivated. The relation of enzyme 
concentration to the velocity of the reaction by this assay is shown in 
Fig. 1. 

The destruction of the enzyme during activity occurs less rapidly in 
crude preparations. Thus liver brei will oxidize quinine aerobically at a 
linear rate for about 10 minutes, and more slowly for about an hour. The 
formation of quinine carbostyril in 10 minutes can therefore be used as an 
index of the activity of such preparations, provided an excess of quinine 
and oxygen is supplied. The two assays are not exactly comparable, how- 
ever, since the enzyme reacts more slowly with oxygen than with methylene 


blue. 
Preparation of Enzyme 


Rabbit liver is the only satisfactory source of the enzyme yet found. 
No appreciable disappearance of added quinine was observed with breis of 
dog, pig, steer, sheep, or duck livers. Sheep liver brei can inactivate the 
enzyme of rabbit liver; possibly the enzyme in these other tissues is de- 
stroyed in the same way after mincing. This could not be avoided by the 
usual precautions of rapid manipulation at low temperatures. 

The enzyme of rabbit liver was found to be soluble in water, to withstand 
heating to 60° for 5 minutes, and to be precipitated between 25 and 40 per 
cent saturation with ammonium sulfate. Successive application of these 
conditions yields about 5 ml. of a yellow-red solution from each 100 gm. of 
liver. This contains 20 units of the cinchonidine-oxidizing enzyme per ml. 
with about 4 mg. of protein per unit, compared to 26 mg. of protein per 
unit for the original brei. The enzyme is stable for over a month only if 
kept alkaline in solutions of ammoniacal ammonium sulfate (6 ml. of 
concentrated NH; per 100 ml. of saturated ammonium sulfate). 

These purification steps were recognized as essentially similar to those 
used in preparing the flavoprotein, liver aldehyde oxidase, from pig liver (9). 
Other similarities were noted. Both enzymes are stable only in ammoniacal 
ammonium sulfate, both are rapidly destroyed during the catalytic process, 
and both are irreversibly inactivated by cyanide or by dialysis. And the 
preparation from rabbit liver does also have a strong aldehyde oxidase 
activity. Aldehyde oxidase prepared from rabbit liver, according to the 
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original method used by Gordon et al., likewise oxidizes both aldehydes and 
quinolines, and is entirely similar in purity, properties, and activities to the 
first preparations of the quinoline-oxidizing enzyme. However, when 
aldehyde oxidase is prepared from pig liver by either method, no activity 
toward quinolines can be demonstrated. 

The method of Gordon, Green, and Subrahmanyan has since been used 
for all preparations. This involves treatment of rabbit liver brei at 48° 
for 5 minutes in 25 per cent alcohol, lead acetate precipitation, and repeated 
fractionation with ammoniacal ammonium sulfate between 25 and 40 per 
cent saturation. A variety of other procedures were tried, which succeeded 
neither in furthering the purification nor in separating the two actions. 
These procedures included adsorption, dialysis, pH changes, freezing, dry- 
ing, and precipitation with alcohol. 


Characteristics of Enzyme 


Since the agents responsible for quinoline and aldehyde oxidations could 
not be separated, both reactions have been studied for comparison. This 
enzyme oxidizes aldehydes to the corresponding acid with formation of 
equivalent amounts of hydrogen peroxide. 

Reaction with Quinolines—The equation for the oxidation of quinine is 


Quinine + H,O + O, = quinine carbostyril + H,0, 


This was established by measurements of the reaction with both quinine and 
cinchonidine, compounds which differ only by the presence of a methoxy 
group in the former. Quinine, because of the ease with which its oxidation 
product can be determined, was used to show the equivalence of alkaloid 
oxidized to the carbostyril formed. Cinchonidine, being more soluble and 
more rapidly oxidized, was used in the measurements of oxygen uptake. 
The results are shown in Table I. It will be noted that the molar ratio of 
oxygen absorbed to cinchonidine removed is 0.6, instead of 1.0 as expected 
if H,O, is a product. This is due to liberation of oxygen from some of the 
H,O:, a reaction referable to the catalase present as an impurity in the 
enzyme preparation. Keilin and Hartree’s observation (10) that hydrogen 
peroxide can oxidize alcohol in the presence of catalase makes it possible to 
prove that H,O, is formed during the oxidation simply by adding ethyl 
alcohol. This is shown in the last two experiments of TableI. The oxygen 
released by the fission of H:O2 was removed in this way and the molar ratio 
of oxygen taken up to cinchonidine oxidized is seen to approximate 1.0. 
No oxygen uptake occurs with the enzyme and alcohol alone. 

That oxidation occurs only in the 2 position of the quinoline ring was 
further confirmed by identifying the product of the oxidation of quinoline 
itself. After overnight aeration with 30 ml. of enzyme, 200 mg. of quinoline 
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were shown by spectrophotometric analysis to be quantitatively converted 
to a compound giving the absorption curve of carbostyril. Quinoline 
treated similarly with heat-inactivated enzyme was unchanged. The carbo- 
styril was isolated in asbestos-like crystals by ether extraction and precipi- 
tation from 0.1 N NaOH with COs, and recrystallized from alcohol and 
water. It was sparingly soluble in water, gave no color with ferric chloride, 
formed a barium salt crystallizing in leaflets, and melted at 196-197°. The 
mixed melting point with carbostyril (m.p. 196—-197°) was unchanged 
(temperatures uncorrected). 


TABLE I 

Balance of Quinine or Cinchonidine Disappearance with Quinine Carbostyril Formation 
and Oxygen Uptake 

Warburg vessels containing 0.4 ml. of enzyme, total volume 3.0 ml.; air in gas 
space; 37°. Quinine experiments, incubated 1 hour with 1.0 ml. of saturated qui- 
nine, 0.1 m phosphate buffer, pH 7.2. Cinchonidine experiments, incubated 20 
minutes with 1.5 ml. of 4 X 10-* m cinchonidine, 0.1 m phosphate buffer, pH 7.5; 
the last two experiments also contained 0.1 ml. of ethyl alcohol. 





| 


| ied | 
Substrate | Quinine Oxygen Quinine carbostyril | On 


Substrate dis- | carbostyril ——— = —— 
| appearance aa | uptake Quinine Cinchonidine 





M Mu 

Quinine. 1.42 1.32 0.93 

“ . 1.43 | 1.30 0.91 
Cinchonidine. . 2.57 | 1.69 | 0.66 
« 3.23 | 2.06 | 0.62 
“ 2.65 1.7 | 0.65 
" + alcohol 1.99 1.97 | 0.99 
ee + 1.86 1.72 | 0.93 








Substrate Concentration—The maximum rate of cinchonidine oxidation at 
pH 7.6 occurs with concentrations of 2 X 10-‘M or higher. By the use of 
one-fifth the usual concentration of methylene blue, a rate approximately 
half the maximum was observed with an initial cinchonidine concentration 
of 0.5 X 10-*m. Quinine at pH 7 shows a maximum rate with concentra- 
tions above 5.4 X 10-* m and a half maximum rate at about 1.7 X 10-*m 
(Fig. 2). Cinchonine and quinidine react maximally only at the somewhat 
higher concentration of 8 X 10- m. 

The optimum substrate concentration for crotonaldehyde oxidation at 
pH 8.3 is 0.060 m or higher. A half maximum rate occurs with 0.017 m 
crotonaldehyde (Fig. 3). ’ 

Optimum pH—The rates of cinchonidine and quinine oxidations at 
different pH values in phosphate buffers are seen in Fig. 4. In borate 
buffers the rates of these oxidations are about 50 per cent less. 
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Fic. 2. Effect of quinine concentration on the rate of its oxidation. Each tube 
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Fia. 3. Effect of crotonaldehyde concentration on the rate of its oxidation. Each t] 
tube contained 0.3 ml. of enzyme, 0.1 ml. of 0.1 per cent methylene blue, 0.1 m borate 1 
buffer, pH 8.3, and various amounts of 0.5 m crotonaldehyde. Total volume 2.5 
ml., 37°. 8. 
’ P. 
The rate of aldehyde oxidation is optimum at pH 8.2 to 8.6, and isthe | g 
same in borate or phosphate buffers. tl 


Specificity—It is apparent from the data in Table II that many com- 
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pounds with an a-hydrogen in a quinoline, isoquinoline, or substituted 
pyridine ring can be oxidized. This oxidation is prevented by substitution 
of a phenyl or carboxyl group for the a-hydrogen. Quinaldine, which has 
an a-methyl group, is oxidized, but here too the methyl hydrogen atoms are 
nearly as active as the quinoline a-hydrogen. The rate of oxidation is 
affected by substituents elsewhere in the structure that would be expected 
to alter the activity of the a-hydrogen. Thus a 6-methoxy group decreases 
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P H 
Fic. 4. Rates of quinine (4) and cinchonidine (©) oxidations as a function of pH. 
In each tube 0.3 ml. of enzyme, 0.1 ml. of 0.1 per cent methylene blue, 0.15 m phosphate 
buffer, and either 0.3 ml. of 4 X 10-* m cinchonidine or 1.0 ml. of saturated quinine 
hydrochloride. Total volume 2.5 ml., 37°. The final pH was determined with the 
glass electrode. 





the rate of oxidation in the cinchona alkaloids and in the simpler quinolines. 
This also occurs with chloro and even more with dichloro substitution. The 
8-aminoquinoline, plasmochin, is not oxidized at all. Alkylation of the 
pyridine or quinoline nitrogen, which increases the activity of the a-hydro- 
gen, in both N'-methylnicotinamide and quinoline ethiodide also increases 
the rate of oxidation markedly. 

The slower oxidation of methoxy-, chloro-, and amino-substituted 
quinolines suggests that the enhanced antimalarial effect of quinolines 
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possessing such groups may be due in part to a decreased rate of enzymic 
inactivation in the body. The rate of this oxidation is apparently deter. 


Taste II 
Specificity of Quinoline-Ozidizing Enzyme 
Thunberg experiments, in each tube 6 units or less of enzyme, 0.1 m phosphate 
buffer, pH 7.5, 0.1 ml. of 0.1 per cent methylene blue, and 2.4 X 10-* m substrate; 
total volume 2.5 ml.; 37°. Values are in per cent of the cinchonidine rate under 
the same conditions. Reduction times longer than 1 hour are expressed as (+), 
Controls without substrate or without enzyme were not reduced in 48 hours. 











Substrate | Relative rate 
Cinchonidine. .... | od ie ae ee ae | 100 
Quinine Se ry A Pe ey er er | 15 
Cinchonine a + ea Sees ee 7 
Quinidine ; ar i 0.6 
SN2549, 4-a-(2-piperidyl) quinoline methanol stecioh eee 143 
SN8539, SN2549 with 7-chloroquinoline........ erat 62 
SN2157, SN2549 “ 6-methoxyquinoline.. A oe 42 
SN10956, SN2549 “ 6-methoxy-2 -methylquinoline ‘ me (+) 
SN8534, SN2549 “ 6-chloroquinoline , 41 
5N10276, SN2549 ‘“ 8-chloroquinoline.......... weeae 49 
SN10278, SN2549 ‘“ 6,8-dichloroquinoline “ae , 25 
SN8538, SN2549 ‘“* 2-phenylquinoline.... 0 
SN7618, 6-chloro-4- (diethylaminomethylbutyl)aminoquinoline. (+) 
$N7135, SN7618 with 2-methylquinoline. . ; wenue hes (+) 
Quinoline NAcc wir aise -4ew WEEN oesieR a eee 51 
Isoquinoline ; cs a 53 
Quinoline ethiodide... a 160 
4-Methylquinoline (lepidine).... 7 
4-Carboxyquinoline (cinchoninic acid) 0 
6-Methoxyquinoline.......... ' 0 
8-Aminoquinoline..... oat 2.5 
8-Amino-6-methoxy quinoline ae :, 1.0 
8-Hydroxyquinoline............... (+) 
Quinaldine.. 31 
4-Chloroquinoline 2 ante 31 
4,7-Dichloroquinoline (+) 
4-Hydroxyquinoline-2- carboxylic acid (kynurenic acid) 0 
4,8-Dihydroxyquinoline-2-carboxylic acid (xanthurenic acid) ean 0 
Nicotinic acid and amide............................. ba dha foe (+) 
N'-Methylnicotinamide....... 1EEd nv Gdh ARSE Sek ep bon ee ba xedoncad 37 
Coenzyme I...... ORES ae ssa a ile nin a (+) 
(+) 


Dihydrocoensy me I 





mined by the a-hydrogen, while the antimalarial effect persists even in the 
absence of this group. 
The action of the enzyme on N'-methylnicotinamide raised the pos- 
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sibility that it might also function on the pyridine nucleotide coenzymes 
somewhat as does diaphorase. Though no information is available about 
any enzyme similar to this one in the malaria parasite, such a mechanism 
might explain the action of quinine. However, the enzyme does not 
oxidize coenzyme I or dihydrocoenzyme I at a significant rate. Further- 
more, quinine and cinchonidine do not inhibit the action of diaphorase. 
Haas observed a similar lack of specific inhibition from quinine with di- 
hydrocoenzyme II oxidation by cytochrome reductase (11). 

The failure of the enzyme to oxidize other structurally suitable com- 
pounds can generally be correlated with the absence or inactivity of the 
a-hydrogen atom in a heterocyclic ring. Various other heterocyclic and 
aromatic compounds besides those listed were tested. Thus the acridine 
(atabrine), purine (adenine and hypoxanthine), imidazole (histamine), and 
benzene (/-tyrosine) ring systems are not oxidized. Indole itself, but not 
l(—)-tryptophane, and pyrrole, but not N-ethylpyrrole, are slowly oxidized. 
The enzyme does not oxidize pyridine, a-picoline, piperidine, pyridoxine, or 
arecoline. 

The same enzyme preparations acting on the above compounds also 
oxidize crotonaldehyde and benzaldehyde in the anaerobic system respec- 
tively at 166 and 90 per cent of the rate of cinchonidine oxidation. Acet- 
aldehyde is rapidly oxidized but its volatility precludes accurate meas- 
urement of its rate by this method. The ratio of quinoline and aldehyde 
oxidation rates did not change during the later stages of purification of the 
enzyme and was the same in all preparations. No other oxidative enzymic 
functions were found in the purified preparations. Occasionally a pre- 
paration showed traces of xanthine oxidase or /-amino acid oxidase activity, 
but this was removed by the ammonium sulfate fractionation. 

Inhibition—In Table III it will be seen that equal inhibitions of both 
aldehyde and quinoline oxidations are produced by cyanide, propamidine, 
and plasmochin. A saturated solution of caprylic alcohol likewise inhibits 
both activities. The inhibition of cinchonidine oxidation by 8-hydroxy- 
quinoline, which is itself slowly oxidized, suggests that plasmochin too may 
inhibit by combining specifically with the enzyme. The failure of the 
slowly oxidized pyridine derivatives to inhibit cinchonidine oxidation 
probably reflects their lower affinity for the enzyme. 

Simultaneous Oxidation of Quinolines and Aldehydes—No summation of 
the rate of either oxygen uptake or of methylene blue reduction occurs 
when the enzyme acts simultaneously on both types of substrate. The 
rate is often slower than with either substrate alone. The interference is 
well shown by manometric experiments in which both oxygen uptake and 
cinchonidine disappearance were measured. Cinchonidine in a concentra- 
tion of 2 « 10~ m had an initial rate of oxygen uptake of 12.1 microliters 
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per 2 minutes, and during the 20 minute experiment 1.73 micromoles of 0, 
and 2.64 micromoles of cinchonidine reacted. Crotonaldehyde alone caused 
a similar rate of oxygen uptake. However, in the presence of 0.07 m croton- 
aldehyde as well as cinchonidine, the initial rate of oxygen uptake fell to 
3.5 microliters per 2 minutes, and only 0.72 micromole of O, and 0.28 mi- 
cromole of cinchonidine reacted. Similar interference with the anaerobic 
oxidation of cinchonidine is produced by the presence of aldehyde. 


Tas_e III 
Inhibitors of Cinchonidine and Crotonaldehyde Oxidation 
Thunberg experiments, 0.3 ml. of enzyme, 0.1 m phosphate buffer, pH 7.5, 0.1 ml, 
of 0.1 per cent methylene blue; total volume 2.5 ml.; substrate and methylene blue 
in hollow stopper, inhibitor with enzyme in tube; incubated 2 minutes at 37° before 
mixing. 














Inhibitor | Substrate | Inhibition 

| M | | M per cent 
Cyanide | 1 xX 10° Cinchonidine | 48x10! 97 
- | 1 X 10° Crotonaldehyde 8 X 107 97 
Propamidine |4X10* | Cinchonidine | 4.8 x 10-8 | 50 
t: | 4 xX 10 Crotonaldehyde | 8X10* | 8 
Plasmochin | 4X 10° | Cinchonidine | 4.8xX 10% | 45 
+ 8 X 10-4 Crotonaldehyde 8 X 10° 41 
8-Hydroxyquinoline 2.410% | Cinchonidine | 4.810 | 87 
SN7618 /8x10* | es 148x110] 0 
Atabrine | 2x10 | “ |4.8X10* | 60 
Nicotinamide | 2.4 Xx 108 | | 4.8x 10%} 0 
N'-Methylnicotin- | 2.4 X 10° | “ | 4.8x 10] 0 

amide | | | | 

Noval diamine | 2.4 X 10° - | 4.8 X 10 | 5 
SN8538 | 2.4 x 10° | " }4.8xX10¢| 0 





Reversal of Quinine Oxidation—The mutual interference of the two re- 
actions can be attributed partly to a dismutation as well as to competition 
for one enzyme. Thus, in an anaerobic system containing aldehyde the 
enzyme will reduce some quinine carbostyril to quinine. With 1 ml. of 
enzyme, 99 y of quinine carbostyril, and 0.4 ml. of 0.5 m crotonaldehyde 
mixed anaerobically and incubated 20 minutes, amounts of 0.9 to 1.1 y of 
quinine are formed. This amount, though small, is readily determined 
by the fluorometric method. The quinine was further identified by its sol- 
ubility in ethylene dichloride at different pH values and by its characteris- 
tic pH-fluorescence curve. 

Nature of Prosthetic Group—Like the aldehyde oxidase of pig liver, the 
enzyme of rabbit liver is also a flavoprotein. The flavin is easily demon- 


strated after splitting the purified preparation by heating at 70° and pH 
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38 for 5 minutes. The yellow supernatant shows the typical absorption 
curve of a flavin nucleotide with maxima at 265, 373, and 451 mu. It was 
identified as flavin adenine dinucleotide by use of the split d-amino acid 
oxidase system (12). All the flavin present is in this form, since assays by 
this method or by the total absorption at 451 my agree within the experi- 
mental error. Calculated as riboflavin, the enzyme contains 1.1 y per unit 
of aldehyde oxidase activity, in the units used by Gordon and coworkers. 
In their purified aldehyde oxidase from pig liver, these earlier workers also 
found 1.1 y of riboflavin per unit. 

Quantitative reduction of this flavin in the intact enzyme by aldehyde 
could not be demonstrated, since the absorption at 451 my referable to 
flavin is only 10 per cent of the total light absorption. However, addition 
of acetaldehyde to the enzyme in the absence of oxygen decreases the 
absorption at this wave-length approximately as expected from the specific 
reduction of the flavin group. In the same way, cinchonidine similarly 
decreases the absorption at 451 my. And since H,O, is formed during the 
oxidation of cinchonidine, it is most likely that the same flavin also acts as 
the prosthetic group or as a hydrogen acceptor in this reaction. 

The enzyme contains 0.7 y of riboflavin per unit of cinchonidine activity. 
Assuming one flavin group per molecule, the turnover number is 150 for 
the enzyme acting on cinchonidine in the anaerobic system. If a mole- 
cular weight of 70,000 is assumed for this enzyme in common with other 
flavoproteins, a preparation which contained 0.05 per cent riboflavin and 
1.3 mg. of protein per unit is calculated to be about 5 to 10 per cent pure. 


DISCUSSION 


The aldehyde oxidase of rabbit liver is identified with that of pig liver 
by their similar characteristics and equal amounts of riboflavin per unit. 
Consequently the association of the aldehyde oxidase with the quinoline- 
oxidizing enzyme in rabbit liver and its absence in pig liver are difficult to 
explain. Yet the similarity of the two enzymes in rabbit liver is striking. 
They possess similar characteristics in regard to solubility, heat resistance, 
adsorption, stability in ammoniacal ammonium sulfate, and lability on 
dialysis and acidification. They also show approximately the same degree 
of activity, the same inhibitions, and undergo a similar destruction during 
activity. There is a difference in pH optima, which is perhaps explicable in 
terms of the decreased solubility of the quinoline compounds at alkaline 
pH, and a difference in the effect of borate buffers as yet unexplained. 
These similarities and the mutual interference of the two substrates suggest 
that the two reactions must share at least one element in the oxidation 
pathway. The evidence seems to indicate that one element both reactions 


share is the flavin group. 
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The quinoline oxidation cannot be simply a unique extension of the alde- 
hyde oxidase specificity. The oxidation of quinoline may well be a dehydro- 
genation of the dihydro-a-hydroxy derivative formed by the addition of 
water to the nitrogen and migration of the hydroxy group to the a position 
(13). Aldehyde oxidation is also thought to be a dehydrogenation reaction, 
However, if the same active groups that oxidize aldehydes also oxidized 
quinolines, the very active aldehyde oxidase of pig liver should oxidize 
quinolines. This inactivity of the enzyme from pig liver can best be ex- 
plained by the destruction of the separate active groups for quinoline upon 
mincing the tissue. The association of the two actions, at least in rabbit 
liver, may therefore result from a common protein moiety. This would be 
very similar to the association of both aldehyde and purine oxidations with 
xanthine oxidase. 

The reversal of quinine oxidation by coupling it with aldehyde oxidation 
also suggests that this is an enzyme with two different sets of active groups 
and a single head, the flavin prosthetic group. A similar view of the other 
dual function enzyme, xanthine oxidase, is held, since Booth (14) has 
demonstrated that the anaerobic oxidation of salicylaldehyde by xanthine 
oxidase will reduce uric acid to hypoxanthine. 

As yet a readily acceptable substrate for the quinoline-oxidizing function 
in metabolism is lacking. In view of the demonstrated specificity of the 
enzyme for the a position, its failure to oxidize kynurenic and xanthurenic 
acids was to be expected, although these are the only known quinoline com- 
pounds occurring physiologically. If a reaction similar to the oxidation of 
quinolines occurs physiologically, the substrate must presumably possess 
an oxidizable a-hydrogen in a heterocyclic ring. N'-Methylnicotinamide, 
which reacts at least 70 times as rapidly as nicotinamide itself, may well 
undergo this oxidation in the body. The product of this oxidation, which 
would be expected to be the a-pyridone derivative, does not fluoresce under 
the conditions used to determine the parent compound (15). This oxida- 
tion may therefore account for the disappearance of N’-methylnicotinamide 
administered to men that was observed by Perlzweig and Huff (16). 


SUMMARY 


1. The enzyme of rabbit liver oxidizing quinine and other quinolines to 
their carbostyrils has been prepared in about 5 per cent purity. The 
solution contains 0.7 y of riboflavin per unit of activity. The flavin 
is reduced anaerobically by cinchonidine. Aerobically H.O,; is formed in 
the reaction. 

2. The enzyme has a pH optimum between 7.4 and 7.6, and reacts with 
cinchonidine concentrations above 2 X 10‘ m at a maximum rate. It 
reacts directly with oxygen but more rapidly with methylene blue, and is 
rapidly destroyed during catalysis. 
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3. The oxidation of quinolines is limited to the a position and the rate of 
oxidation is correlated with the activity of the a-hydrogen. Quinolines, 
jsoquinoline, and some pyridine derivatives are oxidized. 

4, The physiological compound most rapidly oxidized is N'-methyl- 
nicotinamide. 

5. The enzyme has properties similar to, and is associated with the 
flavoprotein, liver aldehyde oxidase. All the flavoprotein present is ac- 
counted for by the aldehyde oxidase. The simultaneous oxidation of 
aldehyde and quinoline is slower than their separate rates. The anaerobic 
oxidation of aldehyde will reduce the quinine carbostyril to quinine. 

6. The enzyme is considered to be a flavoprotein with two functions like 
those of xanthine oxidase. 


The flavin adenine dinucleotide assays were kindly made by Dr. P. K. 
Stumpf. Dr. G. L. Hobby of Chas. Pfizer and Company, Inc., and Dr. 
Herbert Stoerk were most helpful in providing rabbit livers. 
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Protoporphyrin IX dimethyl ester, a crystalline compound with a 
definite melting point, is generally used to identify protoporphyrin IX. 
Various methods of preparation (1-4) have been described in the literature. 
As indicated by Grinstein and Watson (5, 6), application of chromatogra- 
phic separation is necessary in order to obtain a pure product. By following 
the procedures thus far described in the literature the same conclusion 
has been reached. However, by modifying the procedure as heretofore 
described, we have been able to obtain the product in a pure state without 
the necessity of applying chromatographic separation. 

A solution of crude protoporphyrin IX was prepared from defibrinated 
blood by Hamsik’s procedure (7) with some modifications. Either citric 
acid or salicylic acid can be used in the place of oxalic acid. The solution 
of crude protoporphyrin was then successively extracted with ether and 
10 per cent hydrochloric acid and converted into the dimethy] ester, as des- 
cribed below. For crystallization of the ester it has been found that a 
mixture of acetone and ether is more satisfactory than chloroform and 
methanol. 

This procedure has been successfully employed to prepare crystalline 
protoporphyrin [X dimethyl ester from a sample of red blood cells as small 
as0.15 ml. In the case of small samples, the amounts of materials used are 
proportionally reduced and the time of reaction shortened. 


EXPERIMENTAL 


A sample of 5 ml. of red blood cells, after being separated from the 
plasma by centrifuging, was thoroughly stirred with 50 ml. of acetone. The 
precipitate was collected on a sintered glass filter and then refluxed for 
15 to 20 minutes with 100 ml. of acetone solution containing 10 gm. of 
oxalic acid. The reaction mixture was cooled and mixed successively with 
5 gm. of stannous chloride and then 20 ml. of concentrated hydrochloric 
acid. It was allowed to stand at room temperature for 1 to 1} hours. 
A saturated solution of sodium acetate was then added until the purplish 


* Aided by a grant from the John and Mary R. Markle Foundation, New York. 
t On leave from the University of Peking, China. 
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red solution turned to a brownish red. With addition of 5 ml. of glacial 
acetic acid and filtration (or centrifugation) the supernatant solution | 
filtrate was extracted three times with 20 ml. of ether. In case there wa; 
no separation of two layers at this point, more ether was added. The 
ether solution was extracted with 10 ml. of 10 per cent hydrochloric acid 
three to four times. The 10 per cent hydrochloric acid extract (also cop. 
taining some acetone and ether) was mixed with a saturated solution of 
sodium acetate until a brownish red color resulted. The ether layer was 
separated off and washed with a little water. The extract was again ex. 
tracted with 5 ml. of 10 per cent hydrochloric acid three times. The con. 
bined 10 per cent hydrochloric acid extract was mixed with an equal | 
volume of methanol previously saturated with hydrogen chloride, an) [t 
allowed to stand at room temperature for 2 to 3 hours. Then a saturated! and 
solution of sodium acetate was added until the solution became brownish — diseg 
red. It was extracted with chloroform twice. The chloroform extract was, chan 
washed with 10 per cent ammonium hydroxide, 7 per cent sodium chloride, _ phat 
and a little distilled water. The filtered chloroform solution was distilled! rats. 
on a steam bath to remove the solvent. The residue was stirred witha} cont 
mixture of acetone and ether (1:2) and centrifuged. The dark red prisms} evidk 
thus obtained melted at 223°; yield 5 to 7 mg. of protoporphyrin IX} phos 
dimethy] ester per ml. of red blood cells. part 
Thus far it has been found that 10 per cent hydrochloric acid solution TI 
is the best medium for esterification. Either 5 or 25 per cent hydrochlore peer 





acid solution gave unsatisfactory results. a thi 
SUMMARY met 
ope phat: 


A modified method of preparing pure protoporphyrin [X dimethyl este| that. 
from hemoglobin, without application of chromatographic separation, ba! gy 
been described. It has been applied successfully to micro as well | phog 
macro samples of red blood cells. 

For crystallization of the ester a mixture of acetone and ether (1:2 


is more satisfactory than chloroform and methanol. M: 
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THE EFFECT OF HYPOPHYSECTOMY AND ADRENO- 
CORTICOTROPIC HORMONE ON THE ALKALINE 
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(From the Institute of Experimental Biology, University of California, Berkeley) 
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Effect of Hypophysectomy 


It is well known that the phosphatase content of bone, kidney, liver, 
and blood may change under varying conditions of growth, diet, and 
disease (1). Among these tissues, blood perhaps furnishes the over-all 
changes of this enzyme activity. Weil (2) found a rise in plasma phos- 
phatase activity from birth to maturity during the growth of normal 
rats. Kinard and Chanutin (3) have reported that the phosphatase 
content of the whole rat increases from the time of birth. There is ample 
evidence that certain bone diseases cause a marked alteration in plasma 
phosphatase (4). Furthermore, phosphatase has been shown to play a 
part in bone regeneration (5). 

The effects of hypophysectomy on bone histology have been described 
recently by Becks, Simpson, and Evans (6). The immediate reaction is 
a thinning of the cartilage plate, and after longer postoperative intervals 
the bony trabeculae become coarser and less numerous. Since the phos- 
phatase activity is intimately related to changes in bone, one may expect 
that changes may occur in plasma phosphatase after hypophysectomy. In 
a survey of the literature, there appears only one report (7) on serum 
phosphatase activity in hypophysectomized rats. 


EXPERIMENTAL 


Male rats used were of the Long-Evans strain. Hypophysectomy was 
performed at 40 days of age by the parapharyngeal approach. The 
completeness of the operation was ascertained at autopsy by examination 
of the sella turcica. The animals were maintained on the usual diet of 
this laboratory ad libitum. Blood was taken from the inferior vena cava 
after the animals were anesthetized by the intraperitoneal administration 
of sodium amytal. 4 per cent sodium citrate solution (0.5 cc. per sample) 
was used as the anticoagulative agent. The alkaline phosphatase in the 
plasma was determined immediately or within 24 hours. The plasma 
samples were always kept frozen at —15°. 

* Aided by grants from the Research Board of the University of California and 
from the Rockefeller Foundation, New York. 
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The alkaline phosphatase activity was estimated by a modification of | 


the method of King and Armstrong as described by Binkley, Shank, and | 


Hoagland (8); at least three determinations were carried out on each 
plasma sample. The Cenco-Sheard-Sanford photelometer with orange 
filter was employed for recording the color intensity. 

The micro-Kjeldahl method was used for nitrogen determination. The 
phosphatase potency was expressed either in units' per 100 mg. of nitrogen 
or per 100 cc. of plasma. 

Plasma Phosphatase Content of Normal Male Rats—Results on the 
plasma alkaline phosphatase activity of male rats of different ages ar 
summarized in Table I. It will be noted that the phosphatase activity 
increases from 21 to 40 days of age and remains practically constant up 


TABLE I 
Phosphatase Content in Plasma of Male Rats at Different Ages 




















| 7 Phosphatase 
Age —y Body weight N per cc. plasma = 
} Per 100 mg. N | — 
deys ! Ll. e- | -«- fs - ta 
| | | 
21 10 | 47.5 + 1.65* 7.00 + 0.28 4.17 + 0.45 | 29.2 
40 | 11 142.0 + 3.07 7.71 + 0.14 5.67 + 0.45 | 43.8 
40 10t 126.343.50 | 7.942+0.11 | 4.89 + 0.35 38.8 
55 | 10 | 211.5 + 6.64 8.43+0.11 | 4.9040.40 | 413 
90 10 257.6 + 5.94 | 9.56 + 0.17 | 4.52 + 0.61 43.3 





* Mean + standard deviation. 
t Fasting 48 hours. 


to 90 days of age when the enzyme activity is expressed on the basis d 


100 cc. of plasma. When the phosphatase potency is expressed in units | 


per 100 mg. of N, the activity seems to decline after 40 days of age? It 
has been recorded by Weil (2) that “‘the high plasma phosphatase activity 
of the rat 1 month old decreases gradually with the maturity of rat, but 
remains above the original low enzyme value.” The same conclusion 
was also arrived at by Gould (9) 

It is of interest to note that the nitrogen concentration in the plasms 
increases gradually from 7.0 mg. to 9.56 mg. per cc. as the rats grow from, 


1 A unit of alkaline phosphatase is that amount of activity which will liberate | | 
mg. of phenol in 30 minutes in barbiturate buffer of pH 9.7. 
? From nine rats 7 days of age with an average body weight of 17.0 gm., we have| 
obtained the plasma alkaline phosphatase activity of 4.75 units per 100 mg. of nitro-| 
gen. The nitrogen content of the plasma is 6.2 mg. per cc. These values were se | 
cured from one sample of pooled plasma. It appears that the enzyme activity of 
| 


these young rats seems to be lower than that of the 40 day-old animals. 


1 


(10 
Wei 
a de 
littl 
is at 
but 


Tab 


Ph 


| = 


Post- 


tive 





days 


or © 


— 
or 











LI, KALMAN, EVANS, AND SIMPSON 717 


; 91 days to 90 days. The latter value agrees with that reported by Levin 
| (10) who found that serum in adult male rats eating ad libitum contains 
" 6.04 per cent protein or 9.66 mg. of nitrogen per cc. 

The effect of fasting on the plasma phosphatase has been studied by 
" Weil and Russell (11) and Gould (9). They found that normal rats show 
. a decrease of enzyme activity after fasting for 24 hours. However, Gould’s 
| experiments with fat-fed animals indicated that 1 day of fasting caused 
. little change in the serum phosphatase level. As shown in Table I, there 
= isa definite lowering of plasma alkaline phosphatase after 48 hours of fasting, 
y | but less marked than that observed by Weil and Gould. 
D Plasma Phosphatase Content of Hypophysectomized Male Rats—From 


Table II, it is evident that hypophysectomy decreases the alkaline phos- 


TaBie II 
Fi Phosphatase Content in Plasma of Hypophysectomized Male Rats at Different 
Postoperative Periods 
40 days old at operation. 























_ | Body weight Phosphatase 
Post- | y 
ous No. of | | N per cc. plasma | | 
: rats | | | Per 
tive | Initial Final | Per 100mg. N_ | 100 cc. 
| | | | plasma 
days gm. gm. mg. units | units 
0; ill | 142.0 + 3.10* | 7.71 + 0.14 5.67 + 0.45 43.8 
. + 10 | 144.7 + 3.12 | 130.6 + 2.82 | 8.77 + 0.16 4.23 + 0.31 | 37.1 
8 | 10 154.5 + 4.45 133.3 + 3.88 | 8.96 + 0.24 | 3.45 + 0.34 | 30.9 
1 | 17 147.1 + 1.98 | 124.6 + 2.02 | 8.67 + 0.16 | 3.46 + 0.22 | 30.0 


| | | 





* Mean + standard deviation. 


,| phatase activity of male rat plasma. In the 4th day after the operation, 
i the phosphatase level changes from 43.8 to 37.1 units per 100 cc. of plasma. 
The enzyme level continues to fall but becomes constant after 8 days 
after hypophysectomy. 

It is very well known that hypophysectomy causes atrophy of the adrenal, 
thyroid, and reproductive organs as well as the cessation of body growth. 
Therefore, the influence of hypophysectomy on the plasma phosphatase 
may be attributable to over-all changes in the function of the adrenal, 
‘| thyroid, and reproductive organs as well as to the cessation of body growth. 
For instance, a lowering of serum phosphatase has been observed by Watson 
(12) after injection of adrenal cortical extract and an increase of the en- 
zyme upon the administration of testosterone propionate (13). Moreover, 
| thyroxine is known to increase the phosphatase content of the bone (14). 
Since, as already mentioned, rapidly growing rats have a higher phosphatase 
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level in the serum, it may be expected that a loss of body weight may have 
produce a lowering of the enzyme activity. The depression of alkaline femu 
phosphatase in male rat plasma after hypophysectomy may therefore be | earlie 
explained by the loss of growth, on lessening in function of thyroid or Ge 
gonad, or the combination of these factors. On the other hand, from the Furtl 
lowering in adrenal function due to the removal of the pituitary one would | “ e 
expect an elevation of the plasma phosphatase level. It is clear from the wa 
data just presented that the influence of lessened adrenal function is hype 
completely overshadowed by the effect from the other deficiences which » 
result from hypophysectomy. ae 
It is of interest to compare our results with those obtained by Jones and a 
a on . : secto’ 
Shinowara (7). They found that hypophysectomy causes an elevation 
of serum phosphatase activity. Their observations were made with female 
Tasie III E 
Phosphatase Content in Plasma of Normal and Hypophyseciomized Female Rats — 
Type of animal No. of animals | Body weight - om © — 
— a on 17 
em. untis 
Normal* 10 | 106.6 + 2.6 6.05 + 0.40 - 
Hypophysectomy 18T 74.121.5 3.01 + 0.38 
173 69.8 + 2.3 3.11 + 0.30 Inject 
* 41 to 42 days old. 7 
t Operation at 26 to 28 days of age; 11 to 18 days postoperative. *R 
t Operation at 26 to 28 days of age; 20 to 24 days postoperative. daily } 
| teen iz 
rats. It was thought that the disagreements between our findings and | +M 
theirs may be due to the sex difference of the animals employed. We | 
have therefore investigated the alkaline phosphatase content of hypophy- | after. 
sectomized female rats as compared to their normal female controls. Sunds 


Table III summarizes the results obtained with normal and hypophy- | dose j 
sectomized female rats. The animals were operated upon when 26 to 3 | hypoy 
days of age; two groups of different postoperative periods were used: | jndica 
11 to 18 days and 20 to 24 days. No evident difference was observed | 100 x 
the phosphatase level between these two groups of hypophysectomized | lower 
rats. The normal animals employed were 41 to 42 days old and their | Sim 
plasma phosphatase activity served for comparison. It is clear that, a] A tot: 
found in male rats, the plasma alkaline phosphatase content in hypo | ployec 
physectomized female rats is definitely lower than that in normal animals.| on Sa 
| show | 
| mg., Vv 

The relationship of the adrenals to phosphatase in animal tissues ba8/ fyneti, 
been studied by a number of investigators. Williams and Watson (15) 


Effect of Adrenocorticotropic Hormone 
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| have shown that corticosterone reduces the phosphatase content in rat 


femurs, While desoxycorticosterone acetate produces an increase. In an 
earlier paper Watson (12) reported that adrenal cortical extract lowers 
the serum phosphatase but desoxycorticosterone acetate has no effect. 
Furthermore, adrenalectomy produces a marked lowering of phosphatase 
in the cat kidney (16). It would appear of considerable interest to in- 
vestigate the plasma alkaline phosphatase level in animals with adrenals 
hypertrophied by the administration of adrenocorticotropic hormone. 

In Table IV, results obtained with hypophysectomized male rats are 
summarized. The adrenocorticotropic hormone was isolated from sheep 
pituitaries by the method previously described (17). Male rats hypophy- 
sectomized at 40 days of age were injected intraperitoneally immediately 

















TaBLe IV 
Effect of Adrenocorticotropic Hormone on Phosphatase Content in Plasma of 
Hypophysectomized Male Rats 

Body weight Phosphatase 
Experiment | tiuetn N per cc | Per 
on 17 rats Adrenals plasma _ | 100 
Initia Final Per 100 mg. N | cc. 
plas- 
| me 
gm gm. mg. mg units | semiés 


49 |: + 1.10 /9.63 + 0.24 |2.61 + 0.24 |25.1 


Injected*. .|144.6 + 2.52f |112. Ses 25.0 
+ 02 10.5 + 0.45 |8.67 + 0.16 |3.46 + 0.22 |30.0 


Control... .|147.1 1.98 (124.6 


to to 





* Rats hypophysectomized at 40 days of age; injections with 0.20 mg. of hormone 
daily began on the day of operation once daily for 15 days except Sundays; ?.e., thir- 
teen injections in 15 days. 

+t Mean + standard deviation. 


after operation with 0.2 mg. of adrenocorticotropic hormone daily (except 
Sunday) for 15 days. As was shown in an earlier report (17), this daily 
dose is sufficient to maintain the weight of adrenals at 25.0 mg., while the 
hypophysectomized controls have adrenal weights of 10.5 mg. The data 
indicate that, when alkaline phosphatase is expressed either in units per 
100 mg. of N or per 100 cc. of plasma, the enzyme level is significantly 
lower in the hormone-treated group than in the control. 

Similar experiments were carried out in 40 day-old normal male rats. 
A total daily dose of 1.0 mg. of adrenocorticotropic hormone was em- 
ployed; intraperitoneal injections were instituted three times daily, twice 
on Saturday, and once on Sunday for 15 days. The results in Table V 
show that the averaged adrenal weights of six injected animals were 50.3 
mg., while those of the controls were 29.3 mg. The increase of adrenal 
function is further displayed by both the inhibition of body growth and the 
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reduction of thymus weight in the injected group as compared with the 
controls. The alkaline phosphatase content in the plasma is convincingly 
reduced by the hormone; the hormone-treated animal has an average of 
28.4 units of phosphatase per 100 cc. of plasma, whereas the untreated male 
rats of 55 days of age possess 41.3 units. 

From bone studies, it was found that adrenocorticotropic hormone caused 
a retardation in both chondrogenesis and osteogenesis in the region of the 
proximal epiphysis of the tibia of normal rats (18). Moreover, the in- 
hibiting action of adrenocorticotropic hormone on the growth of young 
and adult male rats has been clearly demonstrated (19); it may therefore 
be concluded that the reduction of alkaline plasma phosphatase activity by 
the hormone is probably due to the lowering of the enzyme content in the 














TABLE V 
Effect of Adrenocorticotropic Hormone on Phosphatase Content in Plasma of Normal 
Male Rats 
Body weight | Phosphatase 
| No ; 
. | | N per cc. | Per 
Experiment of | Adrenals | Thymus | 
rats! Tnitial | Final | | Pasme | Per t00 | 
" | | ro plas- 
ma 
| gm. gm. | mg. | meg mg. | senits | units 
| | 
0 =r | 6130.7 164.1 (50.3 1123.8 9.02 3.15 28.4 
| | | ' 
| | +5.83t] 43.08} 42.91) 411.75] +0.34) 40.15 
Control...........+. 10/142.0 [211.5 (29.3 {410.1 (8.43 4.90 [413 
| | +3.07 | +6.64) +0.85) +10.23) +0.11/ +0.40) 
| ' ' 





* 40 day-old male rats; 1.0 mg. of hormone divided into three injections daily. 
On Saturday two injections and once only on Sunday, for 15 days. 
t Mean + standard deviation. 


osseous tissues. To verify this presumption data on tibia phosphatase 
activity should be known. Such studies are planned for future investi- 
gations. 

A comparison of the results herein reported with those obtained by 
Watson (12, 15) when adrenal cortical hormones were employed seems to 
indicate that the adrenals hypertrophied by adrenocorticotropic hormone 
secrete mainly, if not wholly, steroids which have an oxygen atom on Cy, 
rather than substances akin to desoxycorticosterone. This deduction is in 
agreement with the conclusion of Fraenkel-Conrat et al. (20) from studies of 
liver arginase. 

SUMMARY 


The alkaline phosphatase in the plasma of male rats at various ages 
(21 to 90 days) has been determined. After hypophysectomy, the enzyme 
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activity in the plasma of male rats 40 days of age decreases with successive 
postoperative periods (4 to 15 days). A similar lowering of the plasma 
phosphatase values in female rats occurs after removal of the pituitary. 


In normal and hypophysectomized male rats the administration of 


adrenocorticotropic hormone in doses causing hypertrophy of the adrenals 
produced a significant decrease in the alkaline phosphatase level of the 


plasma. 


i mob 
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Hitherto the bacteriolytic action of lysozyme has been assayed by meas- 
uring the clearing of suspensions of organisms exposed to the agent. The 
susceptibility of test organisms exposed to lysozyme is variable. These 
variations are due to enzymes contained within the bacterial cells. In 2 Li 
previous publication (1) it was pointed out that concomitantly with the . 
lysis by lysozyme there appears a large amount of non-protein N and inor- 
ganic phosphate. Paralleling this breakdown process, many enzyme activi- 
ties of the intact or acetone-killed organisms are found to disappear com- 
pletely when the organisms are laked with lysozyme. From this it is 
evident that bacterial lysis is a complex reaction which involves the partici- 
pation of the bacterial enzymes as well as of lysozyme. 

A test of lysozyme activity, based on a single chemical reaction, was 
obviously desirable. The mechanism of lysozyme activity has been ex- 
plained in terms of the hydrolysis of a substance of mucoid nature contained 
within the bacterial wall. Such mucoid material was extracted from the 
cells and was found to be hydrolyzed by lysozyme, as was shown by the 
liberation of reducing substances (1). These observations were confirmed 
| and partly extended by other investigators (2,3). However, this reaction 
was rather slow compared to the speed of bacterial lysis, apparently because 
of the impurity and degraded state of the substrates. The isolation of the 
substrates of lysozyme in their high polymer form was finally achieved. 
The depolymerization of this material, as measured viscosimetrically, 
proved to be a specific, accurate, and speedy test for lysozyme activity, 
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EXPERIMENTAL } 


The isolation of the substrate of lysozyme in a native form involved con- 
siderable difficulty. The organisms most susceptible to lysozyme, viz. 
Micrococcus lysodeikticus and some strains of Sarcina lutea, are highly 
resistant to mechanical disintegration. Even ultrasonic treatment leaves 
the cells intact (Dr. P. K. Stumpf).! Cells ground in a number of bacterial 
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* This work was supported in part by a grant from the Josiah Macy, Jr., Founda- 
tion. 
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mills yielded no carbohydrate on extraction with alkaline salt solutions, 
From these and other experiments it must be concluded that the mucoid 
exists within the bacterial wall as an insoluble complex. In earlier work 
the mucoid was extracted by 2.5 n sodium hydroxide at 100° (1), by treat- 
ment with formamide at 170°, or by treatment with cold hypochlorite fol. 
lowed by hot formamide solution (2). None of the fractions obtained from 
these extracts exhibited any appreciable viscosity, nor was the mucoid 
present in any reasonable state of purity. The use of alkali, which is 
known to be highly destructive to many mucopolysaccharides, could not 
be avoided, since no method was found of bringing the substrate into solu- 
tion other than the use of lysozyme. When heavy suspensions of the micro- 
organisms were exposed to lysozyme for a few minutes, followed by the 
inactivation of the enzyme by iodine, no viscous carbohydrate was obtained, 
(Such solutions have yielded a viscous solution whose viscosity could be 
abolished by desoxyribonuclease, a sample of which was obtained from 
Dr. M. McCarty (4). This sample was free of lysozyme but, when added 
to suspensions of organisms together with lysozyme, a greater clearing was 
effected than by lysozyme alone.) Extraction with 90 per cent phenol 
left the organisms intact. The preparation of a viscous mucopolysac- 
charide fraction was finally made possible by prolonged treatment with 


42) 


0.5 n sodium hydroxide at 2! 


Method of Preparation of Crude Mucopolysaccharide Fraction 


Micrococcus lysodeikticus was grown for 48 hours in Roux bottles on Difco 
nutrient agar enriched with 0.5 per cent glucose and 0.1 per cent yeast 
extract. Almost double the yieid of organisms was obtained on a medium 
consisting of Difco heart infusion agar fortified with 0.5 per cent glucose. 
(However, the isolation of viscous fractions from organisms grown in this 
medium proved to be much more difficult.) The organisms were washed 
off the agar with cold water, filtered through a ‘milk pad’ (Schwarts 
Manufacturing Company) to remove larger agar particles, and poured into 
5 volumes of ice-cold acetone. After 24 hours at 0° the organisms were 
collected by filtration through a Biichner funnel, washed with acetone and 
ether, and dried in vacuo. 

For extraction 10 to 15 gm. of dried organisms were ground to a fine paste 
in 200 ce. of 0.5 nN sodium hydroxide and kept in an atmosphere of nitrogen 


for 7 to 8 days at 25°. The suspension was then diluted with 200 ce. of | 
‘ I 


water and the cells separated by sharp centrifugation. The supernatant 
fluid contains practically none of the substrate of lysozyme, but a good deal 
of inert material, including carbohydrates derived from agar. The packed 
cells were washed with water, again separated by centrifugation, resus- 
pended in 200 cc. of 0.5 nN sodium hydroxide, and kept in nitrogen at about 
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95° for another 14 days. The cells were disintegrated by that time. The 
yiscous material was diluted with 200 cc. of water and cleared by centrifuga- 
tion. The residue, after being washed, was not cleared by incubation with 
lysozyme, nor did it yield any reducing substances. The alkaline super- 
natant solution was acidified to about pH 4 with glacial acetic acid and 
poured into 2 volumes of alcohol. The fibrous precipitate was collected 
by centrifugation and washed repeatedly with 80 per cent alcohol. The 
moist alcoholic material was dissolved in 200 cc. of 10 per cent sodium ace- 
tate, diluted with 200 cc. of water, stirred for 1 hour with 80 cc. of chloro- 
form-amy] alcohol mixture, and finally centrifuged. To the turbid super- 
natant solution 40 cc. of 10 per cent zinc acetate were added and the pH 
adjusted to about 7.0 until flocculation of the zinc hydroxide occurred. 
The material was cleared by centrifugation, and the supernatant solution 
acidified to about pH 4 and precipitated with 2 volumes of alcohol. The 
precipitate was collected by centrifugation, washed repeatedly in a mortar 
successively with 80 per cent, 95 per cent, and absolute alcohol and ether, 
and dried in vacuo over P,Os. The yield varied between 1.5 and 2 gm. for 
10 gm. of dried bacteria. 

From a strain of Sarcina lutea, isclated from the laboratory air, a 
similar carbohydrate fraction has been isolated. This strain of Sarcina 
lutea is laked with egg white lysozyme at about the same dilution as is 
needed for lysis of Micrococcus lysodeikticus.2 The crude polysaccharide 
fraction of this organism, in contrast to the fraction from Micrococcus 
lysodeikticus, contains in addition to the substrate of lysozyme a carbo- 
hydrate which forms a viscous solution but is not attacked by lysozyme. 

From a third organism, Staphylococcus muscae, a similar carbohydrate 
has been obtained, though in much lower yield. This Staphylococcus re- 
quires for lysis a concentration of lysozyme some 30 times greater than that 
required for the two previously mentioned organisms. 

The crude Micrococcus lysodeikticus fractions’ contain between 5.5 and 
6.5 per cent of nitrogen and 23 to 30 per cent of hexosamine (5). On incu- 
bation of these fractions (5 mg. per cc.) with lysozyme (0.04 to 0.1 mg. 
per ce.) for 2 hours, about 10 per cent of the weight appears as reducing 
sugar, expressed as equivalents of glucose. About one-half of this value 
can be determined as acetylglucosamine (6). 

Lysozyme Preparations—The egg white lysozyme used in these experi- 
ments was prepared either by the method used in this laboratory (7) or by 


? The bacteriological aspects of the problem will be reported in a separate publica- 
tion with Dr. R. Feiner and Miss A. Steinberg. 

* The further purification and properties of the mucopolysaccharide will be dealt 
with in a later paper. However, it might be pointed out here that the keto reaction 
(2) is practically negative with preparations hydrolyzed by lysozyme, while carbo- 
hydrate fractions not split by the enzyme give a strong reaction. 
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obtained from the Western Regional Laboratory. 

Viscosimetric Method—In the viscosimetric method the carbohydrate 
fraction is dissolved to give a 0.4 per cent solution in MclIlvaine’s buffer (9 
of pH 5.3, containing as arule 0.2m NaCl. The viscosity of these solutions 
remains constant for about 24 hours, provided they are kept in the ice box, 
At 37° the viscosity slowly decreases, probably owing to oxidative depoly- 
merization. However, this spontaneous loss of viscosity is insignificant 


adsorption on bentonite (8). One sample of crystalline lysozyme was 
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Fic. 1. Influence of lysozyme concentration on rate of depolymerization of muco- 








polysaccharide. 


if lysozyme concentrations are chosen which catalyze half the reaction 
within 30 minutes. 
The substrate solution (5.0 cc.) is warmed to 37° in a constant tempera | 
ture bath and mixed with 1.0 ec. of lysozyme present in an appropriate | 
concentration in 0.9 per cent sodium chloride. The time of mixing is taken 
as zero time. 5 cc. of the mixture are transferred immediately to an Ost- 
wald viscosimeter having a flow time of about 66 seconds for 0.9 per cent 
sodium chloride. At least four successive readings are made on each 
sample. The viscosity of the control solution (0.9 per cent sodium chloride 


e Was 


vydrate 
fer (9) 
utions 


e box, 


epoly- | 


ificant 


muco- 


ction 


pera- 


priate | 
taken | 
. Ost 


- cent 
each 
loride 


K. MEYER AND E. HAHNEL 727 


without lysozyme) is measured repeatedly. The viscosity of the control 
solutions varies somewhat with different preparations, but its value is 
usually about 4. With the carbohydrate fractions prepared from Micro- 
coccus lysodetkticus, the time necessary to reach half viscosity corresponds 
closely to the calculated value, since the relative viscosity after depoly- 
merization with lysozyme drops to very close to unity. With the carbo- 
hydrate fractions prepared from Sarcina there remains a considerable 








TaB_Le I 
Viscosimetric Estimation of Activity of Crystalline and Amorphous Lysozyme of Egg 
White 
Substrate No. Lysozyme No. Lysozyme Half time | Pape Date tested 
Y | min. + 1945 
20D W.R.* | 1.0 7.5 | 0.75 Dec. 26 
20D “ | 1.0 75 | 6423 | * @ 
20D " | 1.0 7.0 0.70 “ 
20D ” | 1.0 7.5 0.75 | Nov. 29 
20C |} 1.0 7.5 0.75 Dec. 4 
6I 2 1.0 7.2 0.72 Nov. 29 
20C X85C 1.0 9.5 | 0.95 “ 2 
20C X85C 2.0 4.5 0.90 = 7 
20C | MI7 1.0 7.0 0.70 . @ 
20C | MIT 1.0 7.0 0.70 Dec. 6 
1946 
35CII1 110CI 1.0 7.6 0.75 Jan. 21 
35CII 110CI 1.0 7.5 0.75 ee 
35CII 113A 1.0 15.0 1.50 ae 
35CII 113A 1.0 15.0 1.50 26 
35CII 113D 1.0 8.0 0.80 F 21 
35CII 113D 1.0 8.3 0.83 ‘ 3 
35CI] 113DII 1.0 6.5 | 0.65 « 2 
35CII 113DII 1.0 7.0 0.70 -. 





*West’ .n Regional Research Laboratory. 


viscosity after the action of lysozyme, but if this residual viscosity is sub- 
tracted, the values for the half time of lysozyme activity are the same as 
those of the Micrococcus lysodeikticus fractions. 

The relative viscosities are plotted on graph paper against the time of 
incubation. J unit is defined as the amount of enzyme required to reach 
half viscosity in 10 minutes. With crystalline egg white lysozyme 1 unit 
is contained in about 0.73 y. The time required to reach half viscosity is 
proportional to the enzyme concentration. This is illustrated in Fig. 1. 
In this experiment 1.00 y of lysozyme required 7.0 minutes to reach half 
viscosity, 0.75 y required 10.0 minutes, and 0.50 y required 14.5 minutes. 
The accuracy and reproducibility of the method are evident from Table I 
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in which it can be seen that the error is about +5 per cent. This error is 
mostly due to the timing of mixing and to the graphical extrapolation used. 
By increasing the accuracy of both procedures, the error probably could be 
still further decreased. Table I.further shows that some of the prepara- 
tions made by our method are as pure as the crystalline material of the Cali- 
fornia group. The high electrophoretic mobility of our preparation in 
borate solution (10) is apparently due to complex formation with the 
borate.‘ 
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Fra. 2. Influence of pH on lysozyme activity as measured viscosimetrically 


‘ The activity of the reaction is not increased by biotin. The biotin effect previ- 
ously reported (10) is observed only with a labile variant strain of Micrococcus lyso- 
deikticus, which was characterized by a remarkable tendency to autolyze. Avidin 
preparations tested in this laboratory both by the bacteriolytic and viscosimetric 
methods had lysozyme activity in all cases. The lysozyme activity was highest 
with the avidin preparations of greatest antibiotin potency. The preparations of 
avidin included material prepared according to Woolley and Longsworth (11) and 
according to the California group (12). Our lysozyme preparations were devoid of 
avidin activity. It still appears to us most probable that egg white lysozyme and 
avidin are related to each other and that one protein is derived from the other. The 
plant lysozymes (13), however, do not occur together with an agent acting as anti- 


biotin. 
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Previously the pH optimum for egg white lysozyme, as determined by 
measuring the rate of increase of reducing sugar, was given as about pH 
3.5 (1). The pH curve as determined by the viscosimetric method is 
shown in Fig. 2. In this experiment, samples of substrate were prepared 
in MclIlvaine’s buffer of different pH levels and 1 y of egg white lysozyme 
was added to each solution. Controls without lysozyme were measured at 
each pH, as the viscosity varied somewhat with changes in pH. It can be 
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Fig. 3. Influence of pH on lysozyme activity as measured by the increase in 
reducing groups. 


seen that the optimum is at pH 5.3, as measured by the glass electrode. 
The pH dependence curve, as measured by the increase in reducing sugar, 
is shown in Fig. 3. Samples of substrate (10 mg. per cc.) were incubated 
with egg white lysozyme (0.04 mg. per cc.) in M/15 buffers. After 20 
hours the solutions were titrated by the ceric sulfate method (14) and the 
pH measured by the glass electrode. Optimum rate of hydrolysis is 
observed at pH 4.95. 

The addition of 0.2 m sodium chloride had no influence on the increase 
in reducing sugar. However, if lysozyme activity is measured viscosi- 
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Fic. 4. Influence of sodium chloride on lysozyme activity as measured viscosi- 


metrically. 




















TaB.e IT 
Viscosimetric Estimation of Lysozyme Activity of Some Fluids and Tissues 
Seuren Dilution Half time Lysozyme units per 
este original 
min 
Egg white 1:10,000 8.0 12,500 
Tears 1:500 5.5 950 
1:1,000 | 10.5 ’ 
Saliva H 1:1 15.0 1.3 
- 2 1:1 10.5 1.9 
F 1:1 11.5 1.7 
Guinea pig cartilage (rib) 1:10 10.5 10.0 
; ** serum 1:5 60 (Approximate 0.8 (Approximate) 
colon 1:5 100 = 0.5 se 
tear gland 1:10 200 0.5 
Human cartilage (rib) 1:20 5.5 36.3 


metrically, addition of sodium chloride leads to a remarkable increase in 
activity, as can be seen from Fig. 4, in which 1 y of lysozyme was added 
to the substrate solution with and without salt. 
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Applications of Method—The concentration of lysozyme in native egg 
white, in a sample of pooled tears, in filtered saliva, in serum and some 
tissue extracts of a guinea pig was determined viscosimetrically and the 
results are shown in Table IJ. The tears (stimulated by onions) were 
collected from three normal adults and cleared by centrifuging. On the 
basis of total protein the lysozyme titer of tears is somewhat higher than 
that of egg white. The cartilage and tear glands of the guinea pig were 
ground with sand and 0.9 per cent sodium cbloride and the mixture was 
centrifuged. The colon was rinsed thoroughly with water and its mucosa 
scraped off and ground with sand. The human cartilage was obtained at 
autopsy of a 14 months old baby. The actual titer may be still consider- 
ably higher, since after grinding many large particles remained and since 
no effort was made to elute adsorbed lysozyme from the sand. The high 
lysozyme titer of the cartilage in comparison with the other tissues seems 
remarkable. 


DISCUSSION 


The viscosimetric method for the determination of lysozyme seems far 
superior to the bacteriolytic methods in use now. In accordance with other 
workers, we have found that the sensitivity of living organisms to lysozyme 
varies greatly with changes in media and strains. In our experience this 
is likewise true for organisms killed by various methods. The explanation 
for this variation apparently lies in changes in the autolytic enzymes con- 
tained within the bacterial cell, which contribute to a varying degree to 
the visible clearing of bacteria] suspensions. 

Lysozyme has many characteristics of another mucolytic enzyme, hyal- 
uronidase. Like the latter, it is reversibly oxidized, and in low concentra- 
tions it primarily catalyzes the depolymerization of its substrate with little 
or no apparent increase in reducing groups. Furthermore, in both enzyme 
systems, chloride ion greatly increases the depolymerase action, while the 
opening of glucosidic linkages does not seem to require halogen. The 
chloride effect, in our experiments, is more pronounced with hyaluronidase 
than with lysozyme, presumably because less chloride was present in the 
preparations. It seems that these mucolytic enzymes in common with 
some other polysaccharidases like amylase and pectinase can function as 
either depolymerase or glucosidase, depending on whether the enzyme is 
combined with chloride. It remains to be seen whether the chloride is 
bound by a metal or by a specific organic group within the protein molecule. 

One of the most important problems is the function of lysozyme in 
var‘ous fluids and cells. Its occurrence in microbes, including those sensi- 
tive to the enzyme (15), and in tissues like cartilage suggests that its fune- 

tion is primarily metabolic, concerned with the depolymerization or hy- 


5 Meyer, K., and Hahnel, E., unpublished. 
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drolysis of its substrate. Its réle as a defense mechanism then would be 
purely incidental. In the case of hyaluronidase, a similar multiplicity of 
function has been established. Hyaluronidase can protect against strep- 
tococcal infection (16), testicular hyaluronidase is concerned with mam- 
malian reproduction (17), while different bacterial hyaluronidases may 
facilitate infection in making available to the microorganisms carbohydrates 
essential to their growth. If the function of lysozyme is considered to be 
primarily metabolic, the wide occurrence of the substrate is to be antici- 
pated. However, thus far a search for the substrate of lysozyme in ex- 
tracts of various organs has been futile. 


SUMMARY 


1. A method has been described for the isolation from a number of 
microorganisms of a highly polymerized mucopolysaccharide fraction 
which can serve as the specific substrate of lysozyme. 

2. This polysaccharide is depolymerized by lysozyme obtained from 
different sources. With larger concentrations of lysozyme, glucosidic 
linkages are hydrolyzed and reducing sugar and acetylhexosamine appear. 

3. The depolymerization of this mucopolysaccharide, as measured vis- 
cosimetrically, has been used as the basis of an accurate and rapid method 


of lysozyme determination. 
4. Some data are given for the lysozyme titers in different tissues. 
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LYSOZYME OF PLANT ORIGIN* 
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Our knowledge of lysozyme, the bacteriolytic and mucolytic enzyme 
found in egg white and in many tissues and body fluids, is almost entirely 
based on the properties of the enzyme obtained from egg white. The wide 
distribution of an agent which is bacteriolytic for certain micrococci, 
Sarcinae, and other air-borne organisms, was recognized by Fleming who 
also reported its occurrence in some plants, especially the turnip (1). 

The occurrence of a lysozyme-like enzyme in samples of papain was 
detected when it was observed that the high viscosity of a solution con- 
taining a mucopolysaccharide fraction isolated from Micrococcus lysodetk- 
ticus disappeared on incubation with papain-HCN. Bacteriological tests 
showed the presence of a lytic enzyme in the papain preparation used. 
Other samples of papain showed similar activities. Subsequently large 
concentrations of such lytic enzymes were found in a crude preparation of 
ficin, a materia] obtained from the latex of Central American Ficus trees 
(Ficus glabatra and Ficus doliana (2)). 

Like their equivalent in egg white, the plant enzymes lake a number of 
air organisms. They depolymerize a mucopolysaccharide fraction pre- 
pared from such organisms, and hydrolyze this fraction with the liberation 
of acetylhexosamine. The plant lysozymes, however, differ from egg white 
lysozyme in that they have a more limited range of antibacterial activity. 
Furthermore, the Ficus lysozyme, which was investigated more thoroughly 
than the papain lysozyme, is chemically clearly distinct from the enzyme 
prepared from egg white. 


EXPERIMENTAL 


The mucolytic activity was determined as described in the preceding 
paper (3). The bacteriolytic activity was measured with Micrococcus 
lysodeikticus as the test organism. 24 to 48 hour agar slant cultures were 
suspended in primary m/15 phosphate solution and the suspension was 
appropriately diluted to match barium sulfate standard No. 10 (4). 0.5 
ec. of this suspension was incubated for 1 hour at 37° with 0.5 ce. of lyso- 
zyme solution in 2-fold serial dilutions in primary phosphate. Then 2 drops 


* This work was supported in part by a grant from the Josiah Macy, Jr., Fo: nda- 
tion. 
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of n sodium hydroxide were added and the clearing of the suspensions was 
read visually by comparison with a control. Units are expressed as the 
highest dilution giving complete visible clearing under these conditions. 

Papain—The papain samples tested included a crude commercial ma- 
terial (Merck), crude and purified commercial material obtained several 
years ago from Japan, samples purified by precipitation with alcohol (5) 
including one sample kindly sent us by Dr. Joseph Fruton, preparations 
by the lead and aluminum hydroxide method of Stumpf and Green,' and 
fractions obtained by bentonite adsorption and elution with 5 per cent 
pyridine sulfate (6). 

Table I summarizes data on the mucolytic activity of some papain 
samples. The activity compared to the values for ficin is low in all in- 


TaBLeE [| 


Lysozyme Activity of Papain Preparations As Measured Viscosimetrically 








Preparation No Lysozyme Buffer 











units per mez 


MII26* 1.9 0.1 mM acetate, pH 5.0 
Fruton’sf.. 4.0 | ig ws «Ss 
26BITIIt 6.5 lie ** 5.0 
22A§ 5.0 Mellvaine’s, pH 5.3 
Sumeritin|| pee tioreake tues 4.5 e “« 5.3 








* Prepared by adsorption on bentonite. 
+t Prepared by alcohol fractionation and obtained from Dr. J. Fruton 
t Prepared from crude papain by alcohol fractionation 
§ Prepared according to Stumpf. 
Commercial purified Japanese sample. 


stances. The bacteriolytic activity of the papain preparations likewise 
indicated a very low titer. As with most preparations complete lysis was 
not observed, even with the highest concentrations tested, it is difficult 


to assign numerical values to the bacteriolytic tests. (Many of the papain 
samples became turbid on the addition of alkali.) All the papain samples 


showed lysis with Micrococcus lysodeikticus and Sarcina. With Staphylo- 
coccus muscae, lysis was apparent only in the presence of a reducing agent. 

The low lysozyme titer of papain is likewise evident from the data on 
hydrolytic activity summarized in Table II, which represent the increase in 
reducing sugar found after incubation with papain preparations. Under 
comparable conditions egg white lysozyme hydrolyzed 10 per cent of the 
weight of the polysaccharide in 2 hours, whereas papain liberated at most 


' Stumpf, P. K., and Green, D., personal communication. 
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a 


3.8 per cent in 23 hours. From other experiments it can be assumed that 
the lysozyme concentration in the experiment with egg white lysozyme 
was at least 10 times the required amount. 

Ficin—The ficin preparations used included a sample of crude ficin.? 
This material was purified either by the lead acetate fractionation used for 
papain! or by adsorption on bentonite. In the latter procedure 20 gm. of 
the crude material were dissolved in 200 cc. of 1 per cent potassium chloride 
and acidified to about pH 4 with n hydrochloric acid, an insoluble residue 
was removed by centrifugation, and a suspension of 10 gm. of bentonite 
in 100 cc. of 1 per cent potassium chloride was added with vigorous stirring. 
Stirring was continued for 5 minutes and the suspension centrifuged. 
About 50 per cent of the activity remained in the supernatant solution. 


TABLE II 
Hydrolysis of Mucopolysaccharide 




















Hydrolysis 
Mixture in w/7.5 citrate buffer, pH 4.95 
2 hrs. 23 hrs. 
per ceni | per cent 
Substrate (10 mg. per cc.) + Sumeritin S (2 mg. per 
gas Goliad a sb enede iie.os 6c cee weed 2.0 3.8 
Substrate (10 mg. per cc.) + crude papaif (2 mg.| a 
per ce.).... * 1.3 | 2.5 . 
Substrate (10 mg. per ce.) + Papain 2 (21 mg. per i 
0 Er eer Pe er 1.5 3.5 iy 
Substrate (10 mg. per cc. y+ Papain 4 (2 mg. per . 
ce.) . a Rare oe. 1.5 2.5 3 
Substrate (10: mg. per cc.) + lysozyme W. R.* (2 mg. : 
Roos. us ok cna daw a cee ehene eee Cx eae 10.0 10.0 
* Western Regional Research Laboratory. a 


The adsorbed material was eluted three times with 0.2 m phosphate of pH 
7.5. The supernatant solutions were centrifuged, filtered through a sintered 5 
glass filter, and dialyzed first against cold running tap water, then against q 
distilled water at 4°, allowed to stand in the cold for several days, clarified 
by centrifuging, and lvophilized. These preparations, and those obtained 
from the fractionation with sodium chloride, as will be seen from Table 


III, were the most potent. 
From neutral solution, little ficin was adsorbed by bentonite. In con- 


2 We thank Dr. D. F. Robertson of Merck and Company, Inc., for the supply of 
this material. According to the manufacturer it was spray-dried at the site of col- i 


lection. 
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trast to egg white lysozyme, all activity adsorbed can be eluted with phos- 
phate. Practically no further activity is recovered with 5 per cent pyridine 
or pyridine sulfate solution. 


TaBLe III 


Comparison of Bacteriolytic, Mucolytic, and Proteolytic Titer of Samples of Ficus 
Preparations 





Bacteriolytic titer | Mucolytic titer i . 
| Proteolytic 





Preparation 








Organisms pH — 
jwnits per mg.| unils per mg. units per me. 
Egg white | Micrococcus lysodeik- | 260 1370 '5.3| Negative 
lysozyme* |  ttcus 
| Sarcina lutea | 260 
Staphylococcus muscae| 16 
Crude ficint | M. lysodeikticus 64 714 3.5) 31.0 
| S. lutea | 64 | 333 5.3 
St. muscae 1 (Ap-| 
| proxi- | | 
| mate) | 
Ficin 13* M. lysodeikticus Negative! 0.4 (Approximate)/3.5) 100.0 
7 te “9 | <0.5 | 2.6 3.5 71.4 
“ 25At | “ e 130 1000 3.5 
S. lutea | 130 
“ 29AT§ | M. lysodeikticus | 130 11100 5.3) 14.3 
“« 29AIT§ | “ . | 16-30 | 27 5.3) 33.3 
‘© 6 20Bi | i ™ | 16 | 24 5.3 22.2 
“ 2G97 | “ “ss | 32- 64 | 500 3.5 
“ 2HT | “ 5 | 64-130 |2000 3.5 
“« 259 | “ - | 64 11335 3.5 
“« 2K | “ - | 64-130 |2000 3.5 
“« 2LY | “ $6 | 130 1670 3.5, 11.1 
“ goalg | “ ee 2220 3.5, 8.4 
6 B2AIT§ se si 64 2860 3.5 7.7 





* Crystalline. 

t Merck and Company, Inc. 

t Lead acetate preparation. 

§ Adsorption on bentonite and elution with phosphate. 

| Adsorption on bentonite and elution with pyridine and pyridine sulfate. 
§ Sodium chloride fractionation. 


Table III illustrates the correlation between the bacteriolytic titer, as 
determined by the visible clearing of live organisms, and the mucolytic 
titer as determined viscosimetrically. Considering the inaccuracy of the 
bacteriolytic method and the fact that the fractions were tested with many 
different batches of organisms, the correlation appears to be satisfactory. 
It seems to be especially significant that the two samples of crystalline 
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ficin (7),? which had a high proteolytic activity, were almost completely 
devoid of lysozyme activity in both tests. 

It was evident from the data on the adsorption of ficin on bentonite 
(and from electrophoretic data) that the physical properties of the Ficus 
lysozyme are distinctly different from those of egg white. This is likewise 
indicated in Fig. 1, in which the mucolytic activity of a ficin preparation 
was determined at different pH levels with MclIlvaine’s buffer. As the 
viscosity of the control varied with the pH, the control viscosity at each 
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Fic. 1. Effect of pH on activity of Ficus lysozyme, as measured viscosimetrically 


pH was determined. The pH optimum with Ficus lysozyme lies between 
pH 3.2 and 4.2. The optimum pH for egg white lysozyme is at pH 5.3 (3). 
In accordance with the low activity of the Ficus lysozyme at neutral pH, 
there was likewise only a trace of activity at neutrality in the bacteriolytic 
test. This shows the importance of carrying out the bacteriolytic test at 
acid reaction, followed by alkalization at the end of the incubation period. 

Egg white and Ficus lysozyme also differ with respect to stability. Crys- 
talline egg white lysozyme and a Ficus preparation each in concentration 


* We are greatly indebted to Dr. Alphonse Walti for these samples. 
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of 100 y per ec. in Mellvaine’s buffer of pH 5.0 and 8.0 were heated for 10 
minutes at 100°. These were then diluted and tested viscosimetrically 
against the same substrate. With egg white lysozyme the unheated con- 
trol contained 1 unit in 0.75 y, while the samples heated at pH 5 and 8 
contained 1 unit in 1.7 and 140 y respectively. These results show the 
great stability of this enzyme in acid solution and the markedly greater 
lability at an alkaline pH. With the Ficus lysozyme, the unheated control 
contained 1 unit in 1 y. Both heated samples were completely negative 
in concentrations of 100 y per cc. 

Egg white and Ficus lysozyme also differ in their behavior towards some 
strains of Micrococcus lysodeikticus and Sarcinae. A strain of Micrococcus 
lysodeikticus was adapted to egg white lysozyme by growing the organisms 
in increasing concentrations of egg white lysozyme. An adapted strain 


TaBLe IV 
Milk-Clotting Activity of Lysozyme Preparations 











Sample “lotting ti 
No. MII22A, papain, 800 y + SO; 101.9 
7 3D ** + 979 
Ficin, Merck, 800 y + SO; 30 
és ‘ so 4 140 
= 800 ‘* no ‘* 30 
W. R.,* lysozyme, 800 y + SO Negative, discontinued after 24 hrs 
No. 97C, lysozyme, 800 y + SO; ™ si - 
*Western Regional Research Laboratory. 


which required 16 times the concentration of egg white lysozyme for com- 
plete lysis had become completely refractory to Ficus lysozyme. Experi- 
ments are in progress to determine whether the adaptation is due to destruc- 
tion of the lysozymes. Strains naturally resistant to egg white lysozyme 
likewise are less sensitive to or are not affected by Ficus lysozyme. 

It seemed of special importance to determine whether the proteolytic 
activities of papain and ficin are in any way related to the bacteriolytic 
activity. The data reported in Tables III and IV rule out the possibility 
of any correlation. Proteolytic activity of some preparations was measured 
by the milk-clotting power (cf. Table IV), with a commercial dry milk 
powder as a substrate.‘ 20 gm. of Dryco were triturated with 100 cc. of 
0.1 ~ acetate buffer of pH 5 until homogeneous. The fat was separated by 
centrifuging and removed. Enzyme solution (0.1 ce.) and 0.005 per cent 
sodium sulfite (0.1 cc.) or 0.9 per cent sodium chloride (0.1 ec.) were pipetted 


¢ We thank Dr. Paul Stumpf for information about this test 
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into a tube. After 5 minutes at 37°, 2 cc. of the milk, previously warmed 
to 37°, were blown into the tube and the clotting time observed. A control 
tube without enzyme was similarly prepared. It can be seen from Table IV 
that crude ficin had a much higher proteolytic activity than did papain. 
Two different samples of egg white lysozyme failed to show any activity 
in clotting milk. Egg white lysozyme, furthermore, in a concentration of 
2 mg. per cc. after incubation for 24 hours with the polysaccharide fraction 
(20 mg. per cc.) gave no increase in amino nitrogen (Van Slyke). 

In Table III the proteolytic activities of some Ficus samples are re- 
corded. The proteolytic activity was measured viscosimetrically, with a 
solution of 5 per cent gelatin made up in Mcllvaine’s buffer (pH 5.3) con- 
taining 0.2 m sodium chloride as substrate. 1 unit of proteolytic activity 
is defined as the amount of enzyme required to reduce the viscosity of the 
gelatin solution to one-half in 10 minutes. It can be seen from these data 
that mucolytic and proteolytic activities do not run parallel. In the better 
preparations of Ficus lysozyme, mucolytic activity had been concentrated 
3 to 4 times as compared to the crude material, whereas proteolytic activity 
had decreased by about the same factor. The lytic activity of these Ficus 
samples appears about twice as potent as pure egg white lysozyme. 

Lysozyme activity is obviously not confined to the plant species from 
which papain and ficin are prepared. A test of three samples of freshly 
collected Jatex® showed the following mucolytic activity (in MelIlvaine’s 
buffer of pH 5.3 and 0.2 m sodium chloride): 


units per cc. 

Ficus elastica OE ee: eee 1m Sch Ok ode te doe aE 9.1 

lyrata iia eid hel 0 a eR EM CANS eat Ore a ORAL ON eS FCO 17.4 
(Peru) + 0.28% acetic acid*..............ccccceeees .. 145,000 

18.2 


Euphorbia pulcherrima (poinsetta) . ..............ccceeeeeees 


* Obtained through the courtesy of Merck and Company, Inc. 
DISCUSSION 


The occurrence of lysozyme in the latex of some plants, in some instances 
in very high concentration, seems remarkable. The apparent activity of 
crude ficin, for example, is about 65 per cent of that of pure egg white 
lysozyme per microgram of dry weight, if the activity of the latter is taken 
as 1 unit in 0.73 y. On the other hand, if we assume, on the basis of the 
proteolytic activity, that pure Ficus lysozyme contains 1 unit in about 
0.3 y, the apparent activity is only about 20 per cent. The rdle this lyso- 
zyme plays in the physiology of the plant is unknown. It remains to be 
seen whether the mucolytic activity is connected with the metabolism of 


5 We are indebted to Dr. W. J. Robbins of the Bronx Botanical Gardens for this 
material. 
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the polysaccharide in the plant, or whether it is directed as a defensive 
enzyme against insects or other plant parasites. 


SUMMARY 


1. The presence of a mucolytic enzyme with activities similar to those 
of egg white lysozyme has been found in the latex of different plants. 
2. In crude ficin the concentration of such an enzyme is especially high. 
3. The Ficus lysozyme has been partly freed of proteolytic enzyme. 
The proteolytic enzyme, ficin, in the crystalline state is markedly low in 
lysozyme activity. 
4. Ficus lysozyme is chemically quite different from the lysozyme found 
in egg white. 
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THE CONJUGATED, NON-PROTEIN, AMINO ACIDS OF PLASMA 


I. POSTABSORPTIVE CONCENTRATIONS OF HUMAN PLASMA, 
SERUM, AND ERYTHROCYTES 


By HALVOR N. CHRISTENSEN ann ELEANOR L. LYNCH 
(From The Mary Imogene Bassett Hospital, Cooperstown, New York) 


(Received for publication, March 7, 1946) 


Of the three categories of amino acids present in blood, the free amino 
acids and the protein amino acids have received much more careful at- 
tention than the third class, those which are neither protein nor free. These 
have been assumed to be manifestations of protein metabolism, represent- 
ing intermediate stages in the degradation and synthesis of protein. The 
study of digestive enzymes brought attention early to the formation of a 
series of compounds of decreasing size from proteins to amino acids. Do 
living cells contain a complete series of these compounds in the free state, 
representing the step by step synthesis of proteins? Schoenheimer and his 
associates (1) have demonstrated so extreme an activity in the regeneration 
of proteins as to suggest an incorporation of amino acids into proteins with- 
out the intermediary formation of many successive oligo- and polypeptides. 
Thus the extent of polypeptide participation in protein synthesis is brought 
into question. 

Absorption of incompletely digested fragments of protein is probably not 
an adequate explanation for the presence of peptides in blood, especially if 
they are present in the postabsorptive state. A major fraction of the blood 
peptides, namely the cellular glutathione, obviously does not arise from 
absorption as such from the intestine and probably does not function simply 
as a transport form of amino acids. Other peptides might be similarly 
specialized structures. 

A practical aspect of peptide metabolism arises from the wide parenteral 
use of partial hydrolysates of protein. These have been reported to be 
nutritionally more efficient when administered parenterally than com- 
pletely hydrolyzed proteins or amino acid mixtures (2). White and 
Sayers (3) have suggested that peptides perhaps are better handled by the 
tissues or better retained by the kidneys than are free amino acids. The 
great biological activity of a number of polypeptides also enhances interest 
in the metabolism of these substances. 

The foregoing considerations, the irregularity in levels of bound amino 
acids in blood observed heretofore ((4-19), Table I) and the availability of 
new tools, the manometric ninhydrin procedure (20, 21) and of procedures 
for certain amino acids permitting differentiation between free and bound 
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forms,' prompted a reinvestigation of the combined amino acids of human 
blood, plasma, and serum. The necessity of a precise measurement of a- 
amino nitrogen of high specificity is emphasized by the questionable increase 


TABLE I 


Some Observations of Combined Amino Acids of Blood* 





Analytical 








Investigators Material Deproteinization Hydrolysis anata Normal findings 
mg. per ceni N 
Schweriner, 1920 Defibrinated Mercuric chlor- Acid, 4 hrs. Formo] titration | None detectedt 
4) human blood| ide 
Hiller and Van Defibrinated | Tungsticacid | “ Gasometric ni- | 1.4, 4.0, 4.3 
Slyke (5) | ox blood trous acid 
| Same samples | 2.5% trichloro- | “ = 6.5, 7.7, 7.0 
| acetic acid 
Hannaert and Dog plasma Trichloroacetic | “ os zy None detected 
Wodon (6) acid 
Blau (7) | Human whole Boiling acetic {| “ a - About 0.9tt 
blood | acid and tri- 
| chloroacetic 
acid 
Swanson (8 Human blood | Tungstic acid | Alkali Folin colorimet- | 4-20 
rie 
Jackson, Sher- - «| 2.5% tricbloro- Acid | Usually less than 
wood, and acetic acid | it 
Moore (9 | 
Kotschneff (10)§ Dog blood Probably tri-  & Gasometric ni- 3.8 
femoral chloroacetic trous acid 
vein acid 
Abderhalden and | Horse serum Dialysis “or alkali a ss About ¢ as much 
Rossner (11 combined as 
free 
Erepsin or “ ' None 
trypsin-kin 
ase 
Martens (12 Human Trichloroacetic Acid Folin colorimet- | 1.2-5.85, average 
plasma acid ric 3.5f 
Becher and Herr Human blood ” =. s - ox Average 2.4 
mann 
Kirk (14 Tungstic acid = Gasometric ni- —0.54 to +0.55, 
plasma trous acid average 0.03] 








* 4 Jong list of investigations (over 70) in which it was sought to determine “‘polypeptide N,”’ especially in 
disease, by measuring the difference in nitrogen content (or of substances yielding color with Folin’s phenol 
reagent) (see elsewhere (15-18)) of two blood filtrates obtained by different deproteinizing agents, is not con- 
sidered here Highly variable findings have been reported 

+ Large increases in disease 

t The experimental error was of this order; hence the investigators considered the presence of peptide 
nitrogen questionable 

§ Kalmykoff (19), also in London’s laboratory, found no peptide nitrogen in dialysates of dog serum 


Large negative and positive values reported in uremia 


or lack of increase by hydrolysis reported in several of the above investiga- 
tions. Evidence has been sought as to the function of the amino acid com- 


1 A differentiation of free and combined amino acids in blood or plasma, and hence 
estimates of free individual amino acids, are probably not obtained by simple appli- 


cation of microbiological assays (22 





| 


1an 


ase 


ban 


rage 


n- 


ce 
li- 








H. N. CHRISTENSEN AND E. L. LYNCH 743 


binations by studying the fasting levels, the changes with administration of 
proteins and protein degradation products, and in disease, and the contribu- 
tion of certain amino acids to the free and conjugated amino acid levels and to 
changesinthem. This communication reports postabsorptive concentra- 
tions of plasma, cells, and serum. 

Hiller and Van Slyke (5) demonstrated that a group of protein pre- 
cipitants ranged from tungstic acid to 2.5 per cent trichloroacetic acid as to 
efficiency in precipitating intermediate degradation products from solutions 
of peptone, and they observed that in defibrinated ox blood a portion of the 
combined amino acids was precipitated by the first but not by the second 
reagent (Table I). We have determined combined amino acids of the two 
categories observed by these authors, those present in tungstic acid fil- 
trates and those not present in tungstic acid filtrates but present in 2.5 

TaBLe II 
Effect of Hydrolytic Agent and Hydrolytic Conditions upon a-Amino Nitrogen Found 

The values are givenin mg. percent. Each value represents a separate hydrolysis 

and a single analysis. 























las Before 4. HCl at 100° in air lan HClat| 4" HClat 110°) 4w~Hecl | 2 Nand3N 
pie hydrol- . a _| 100° in N: |_| Sorefluxedd — 
‘ ysis 12 hrs. | 24 hrs. | 48 24 hrs. Sag Sees 24 hrs ey oe 
6 s 12 hrs 24 hrs. | 48 hrs. 12 hrs. | 24 hrs. 4 hrs 
1 4.70 | 4.92 | 5.25 | 5.21 | 5.25 5.23 | 5.34 5.25 
4.75 | 5.18 | 5.25 | 5.18 5.20 | 5.17 5.17 
2 4.30 6.50 6.40 6.13 
6.53 6.44 6.10 
6.44 6.52 6.18 





per cent trichloroacetic acid filtrates. For convenience the latter fraction 
has been designated as “polypeptide” nitrogen, although the substances 
involved may include even proteins (23). 

The term a-amino nitrogen is used here for the nitrogen determined by the 
manometric ninhydrin procedure. The term combined (or bound) a-amino 
nitrogen is used rather than the term peptide nitrogen for two reasons: 
(1) Each of the a-amino nitrogens in a typical peptide molecule will be re- 
corded by the ninhydrin method as combined, although one of these nitro- 
gens is not involved in a peptide bond; (2) the only evidence herein bearing 
upon the nature of the amino acid combinations in plasma is the degree of 
stability of the bound forms to acid. There is very little evidence for 
supposing that these compounds are not peptides, although Abderhalden 
and Rossner (11) failed to observe a release by erepsin of combined amino 
acids in dialysates of horse serum (Table I). 

We have found the total a-amino nitrogen after acid hydrolysis of 
plasma filtrates to be a reproducible quantity whether hydrolysis was in 
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air or in nitrogen, at 100° or 110°, for any period over 12 hours (Table II), 
Alkaline hydrolysis also gave reproducible results, although only 85 per 
cent as much combined a-amino nitrogen with one plasma as was obtained 
by acid hydrolysis (Table II). Tryptophane is probably lost by acid 
hydrolysis of blood filtrates. A tryptophane level in plasma of 1.14 mg. 
per cent (24) would result in an underestimation of the combined a-amino 
nitrogen of 0.08 mg. per cent. An overestimation of the combined amino 
acids of the same magnitude results from the loss of glutamine in the 
estimation of free a-amino nitrogen (25). 

The postabsorptive levels of bound a-amino nitrogen of tungstic acid 
filtrates of plasma of young adults (twenty-one observations) ranged from 

















Tas_e III 
Free and Combined Amino Acids in Filtrates of Human Plasma (Mg. Per Cent) 
Subject and date Determination | Mfltrate “acid fltrate were 
| Free | Total | ° Free Total | Free | Total 
aa —_ name ae DS aS - | | 
H. C., Sept. 7 a-Amino N | 4.45 | 5.22 | 
| Alanine ‘ | 0.57 | 0.69 
o oe 3 | a-Amino “ | 4.22 | 5.12 | 
o “ss | _ « | 4.42 | 5.12 | 4.39 | 5.01 | 4.54 | 5.07 
BL, *“ @ | ae | 4.10 | 5.16 | 5.27 | 4.07 | 4.93 
“Jan. 14 | . 2 | 4.30 | 6.47 | | 6.79 | | 
° “« 2 " - | 4.11 | 4.76 
y we * 4.72 6.08 4.63 6.09 | 
D. J - y 4.67 | 5.18 | 4.75 | 5.23 
| Glycine ‘ | 0.28 | 0.33 | 0.24 | 0.34 | | 
eS a-Amino “ 4.25 | 6.49 | 5.73 | 
| Glyeine ‘‘ 0.29 | 0.35 | 0.31 | 
re # | a-Amino “ 4.70 | 5.23 | 





0.1 to 2.2 mg. per cent and averaged 0.9 mg. per cent (standard deviation 
0.44) (Tables III and IV). The concentration of combined amino acids 
evidently is subject to a much larger degree of variation than is the con- 
centration of free amino acids (21, 28). The bound a-amino nitrogen 
concentration has proved more responsive to changes in protein metabolism 
than the free a-amino nitrogen.2 There was usually little if any difference 
between the total a-amino nitrogen of trichloroacetic and tungstic acid 
filtrates (or of ultrafiltrates) of normal plasmas (Tables III and IV), although 
considerable differences occurred with diseased individuals? and in analyses 
of serum and erythrocytes. The fact that this “polypeptide” fraction of 
plasma was usually small or absent, but large in experimental or path- 
ological conditions,? indicates that the substances involved in each of the 


? Unpublished results, Christensen and Lynch. 
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two categories of combined amino acids are mainly different molecular 
species. On the other hand, with normal erythrocytes the analytical 


TaBLe IV 
Free and Combined Amino Acids of Human Plasma and Serum 


The values are given in mg. per cent. 








Trichloroacetic 


Tungstic acid filtrate acid filtrate 


: 
| 


























Subject and date Determination | Free | Total | Total 
Plasma | Serum Plasma Serum Plasma | Serum 
H. C., Dec. 20 | a-Amino N 4.50 | 4.40 | 5.20 | 5.05 7.46 
| Glycine “ =| 0.29 | 0.28 | 0.34 | 0.33 0.54 
| Alanine “ | 0.38 | 0.35 | 0.48 | 0.44 
“ “© 27* | a-Amino “ | 4.85 | 4.98 | 5.27 5.50 5.33 7.01 
| Alanine “ | 0.62 | 0.63 | 0.63 | 0.63 | 0.83 
“« Jan. 21 | a-Amino “ | 4.66 | 5.24 5.73 | 5.76 
| Glycine “ | 0.37 | 0.43 | 0.42 
“ Feb. 8 | a-Amino “ | 4.68 | 4.93¢ | 5.47 5.58 
| Glycine “ | 0.32 | | 0.41 0.44 
| Alanine “ | 0.50 | | 0.69 
" i a-Amino “ | 5.06 5.18 | 5.76 5.85 
| eS | | 5.32t 6.07¢ 7.07¢ 
J. M.* } oo“ « 15.2 |5.2 | 6.03 9.00 
«ag | | 4.9t 9.78t 13.8t 
D. W., Jan. 17 “4 | 4.40 | 4.39 | 5.83 | 5.80 | 5.79 
| Glycine “ | 0.30 | 0.37 0.38 
a 2. ¢ a-Amino “ 4.41 | 4-53 | 5.20 | 5.10 
a oe ae 4 3.93 | 4.33 | 4.36 5.27 
| Glycine “* 0.31 | 0.42 
H.B | a-Amino “ 4.92 | 5.04 | 5.02 5.84 
eS | 5.10t 
| Glycine “ 0.32 | 0.39 0.40 
Alanine ‘‘ 0.57 | 0.71 0.67 
D. J. | a-Amino “ 4.10 | 4.38 5.10 | 5.39 | 6.29 | 7.44 
| oe 4 4.11§ | 4.30§ | 














* Serum by recalcification of oxalated plasma. 

t Fibrin clot left undisturbed 3 hours. 

t‘‘Chloroform serum,’’ Tagnon (26). 

§ Analysis without deproteinization, MacFadyen (27). 


differences observed with the two filtrates were due largely to a variation 
in the extent of the precipitation of glutathione (see below). 

Of the non-protein alanine and glycine of plasma, 16 and 18 per cent 
respectively were as an average in combined form, compared with 17 per 
cent of the total a-amino nitrogen. This similarity of partition as to free 
and combined state failed to suggest the presence of specialized structures 
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among plasma peptides, as contrasted with erythrocyte peptides. The 
normal fasting levels of these two amino acids showed a constancy similar 
to that of the a-amino acids (glycine nitrogen, average 0.31 mg. per cent, 
s.D. = 0.026; alanine nitrogen, average 0.54 mg. per cent, s.D. = 0.08). 

Erythrocytes—Analysis of erythrocyte filtrates emphasized the major 
influence of glutathione on the picture obtained here. Bound glycine was 
about 40 to 50 times as great as in the plasma. Glutathione should con- 
tribute, per molecule, 1 bound glycine molecule and 1 free and 2 bound 
a-amino nitrogen atoms. Analysis confirmed this assumption, the ratio of 
total to free a-amino nitrogen found for glutathione (obtained from the 
fastman Kodak Company) being 2.95. Assuming that all the bound 
glycine of the red blood cells represents glutathione, one can calculate 
“non-glutathione” free and bound a-amino nitrogen. The free a-amino 
nitrogen values so obtained (Table III) were similar to those of simul- 
taneous plasma samples, while the corrected bound a-amino nitrogen values 
were slightly in excess of the values for plasma. This represents good evi- 
dence that the free amino acids of blood are rather evenly distributed 
between cells and plasma, and indicates that the peptide nitrogen (other 
than that due to glutathione) has a similar concentration in the two phases. 

Danielson (29) pointed out the large contribution of glutathione to the 
amino acid nitrogen of erythrocytes and he attempted to escape this in- 
terference by preparing “unlaked” tungstic acid filtrates of erythrocytes 
and blood. Using his modification of the Folin colorimetric method (29), 
he concluded that erythrocytes of normal young men contained from 
0.34 to 2.19 mg. per cent of amino nitrogen with an average of 1.04 mg. per 
cent. Even lower values were reported for young women. Dunn et al. 
(24) reported an analysis of the tryptophane content of a tungstie acid 
filtrate of unwashed erythrocytes which was about one-fourth the con- 
centration observed in plasma. Hamilton and Van Slyke (21) found 
6.5 to 9.6 mg. per cent of a-amino nitrogen in erythrocytes, deproteinizing 
by picric acid. From these latter data, one sees that even if all the gluta- 
thione is recovered in picric acid filtrates, the free amino acids of erythro- 
cytes can scarcely be appreciably lower than those of plasma. Our meas- 
urement of bound glycine has permitted an evaluation of the maximum 
contribution of glutathione to the amino acid values (free and bound) for 
erythrocyte filtrates. This contribution of glutathione has probably 
been overestimated previously; glutathione was not only incompletely 
but rather irregularly recovered in tungstic acid filtrates, thus probably 
explaining irregularities in amino acid contents found for erythrocyte 
filtrates by tungstic acid. (See, for example, Folin and Berglund (30).) 

Neither tungstic acid nor trichloroacetic acid filtrates revealed as much 
bound glycine as was to be expected from the values usually found for 
human erythrocyte glutathione (Table V), whereas a 2 per cent sulfosalli- 
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eylic acid filtrate (31), recommended for the determination of glutathione, 
showed bound glycine equivalent to 69 mg. per cent of erythrocyte gluta- 
thione. It has been recognized that trichloroacetic acid causes precip- 
itation of part of the glutathione, although it was not clear whether losses 
with tungstic acid were due to precipitation or to autoxidation of gluta- 
thione (31). Measurement of the bound erythrocyte glycine in sulfosali- 
cylic acid filtrates presents a simple measurement of total glutathione, 
unaffected by autoxidation of glutathione or by spontaneous splitting 
of glutamic acid from glutathione. If one assumes that the non-gluta- 


TABLE V 
a-Amino Acids, Free and Combined, of Erythrocytes (Mg. Per Cent) 


























Tungstic acid filtrate Trichloroacetic acid filtrate 
Subject Determination | Non- sana Non- 
; Free | Bound \ameabatnaareed | Free | Bound | coneameomannedl 
Free Bound Free | Bound 
es a | a aheniling) pa 
D.J. | a-Amino N 8.03 | 5.97 | 5.75t| 1.41t 
Glycine ‘ 0.30 | 2.28 
BF. a-Amino “‘ 6.79 6.31 | 4.42] | 1.57~ | 7.15 | 7.52 | 4.45 | 2.03 
Glycine ‘ 0.34 | 2.37 2.75 
Alanine “ 0.57 | 0.00 | 0.08 
H.C. | a-Amino “ 6.98 | 5.39 | 4.75§ | 0.93§ 
Glycine ‘ 0.37 2.23]| 
Alanine ‘ 0.3 | 0.2 





* Calculated under the assumption that the bound glycine is all due to glutathione. 

t Simultaneous plasma free amino acid N = 4.85 mg. per cent; bound (trichloro- 
acetic acid filtrate), 0.38 mg. per cent. 

t Simultaneous plasma free amino acid N = 4.35 mg. per cent; bound (tungstic 
acid filtrate), 1.14 mg. per cent. 

§ Simultaneous plasma free amino acid N = 4.60 mg. per cent; bound, 0.60 mg. 
per cent. 

|| Analysis of the sulfosalicylic acid filtrate showed 3.10 mg. per cent of bound 
glycine N in this erythrocyte sample. 


thione bound glycine of erythrocytes is the same as that of the plasma, a 
correction of about 0.06 mg. per cent of glycine nitrogen, or about 2 per cent 
of the total glutathione, should be deducted. The necessity of this as- 
sumption, which appears to be approximately correct, represents the 
flaw in this method for glutathione. 

Changes Produced by Blood Coagulation—MacFadyen (27) observed that 
serum contained as much as 10 to 40 per cent more a-amino nitrogen than 
did plasma. We have also observed differences, although in only two of 
eleven cases were they as high as 10 per cent (Table IV). MacFadyen’s 
analyses were made upon undeproteinized plasma and serum, ours upon 
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tungstic acid filtrates (in one case upon trichloroacetic acid filtrates also), 
However, deproteinization did not appear to reduce the difference, as in- 
dicated by the analyses upon one blood (D. J., Table IV). Our data sug. 
gest that the continued contact with the fibrin clot is involved in the re. 
lease of a-amino groups. A quantitatively larger change observed by us 
upon coagulation was the appearance of 1 to 3 mg. per cent of “‘polypeptide” 
nitrogen, with little or no change in the combined amino acids of the 
tungstic acid filtrate. The formation of this “polypeptide” fraction as a 
product of coagulation indicates that defibrinated blood or serum (Table I) 
should not be used for estimating combined, non-protein, amino acids of 
circulating blood. Glycine and alanine appeared to make up about 9 and 
17 per cent of the “polypeptide” a-amino nitrogen formed in coagulation. 

To compare the proteolytic activity observed in coagulation with the 
fibrinolytic activity studied by Tagnon (26) “chloroform serum” was 
prepared according to this author. A still higher concentration of com- 
bined amino acids in both filtrates (Table IV) was observed, although no 
free a-amino acids were released. 


EXPERIMENTAL 


Blood Samples—The subjects were normal young adults, E. L. and 
D. J. being young women. The samples were taken in the morning, no 
food having been taken during the preceding 12 hours. Blood was im- 
mediately heparinized’ after being drawn from a cubital vein, except when 
the composition of serum and plasma was under comparison. In this case, 
either of two techniques was used: (a) A portion of the mixed blood was 
heparinized, while another portion was permitted to coagulate in the | 
presence of the cells and the serum separated within 15 minutes, or in the , 
absence of cells, separated by centrifuging in a paraffin-lined tube; or ()) | 
28 ml. of blood were collected in a syringe containing 2 ml. of 3 per cent | 
sodium oxalate; a portion of the plasma obtained was recalcified. The 
dilution of the plasma was calculated by measuring its volume after cen- 
trifugation. In either case the serum was left 3 hours at room temperature 
before analysis. Except as indicated in Table IV, the fibrin clot was 
removed when coagulation was complete. Plasma and cells were separated 
at once by 15 minutes centrifugation at about 3000 r.p.m. After removal 
of the plasma, both plasma and cells were recentrifuged. 

Deproteinization—Tungstic acid filtrates were prepared by the addition | 
to plasma of 4 volumes of water and 5 volumes of freshly mixed sulfuric | 
acid and sodium tungstate (32). Erythrocytes were treated with 16 vol- 
umes of the same tungstic acid solution. The determinations of a-amino 
nitrogen were begun within 2 hours to guard against loss of glutamine 


* Heparin was obtained from the Connaught Laboratories, the University of 


Toronto. 
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(25). 2.5 per cent trichloroacetic acid filtrates were made according to 
Hiller and Van Slyke (5) with freshly prepared 5 per cent trichloroacetic 
acid, adjusted alkalimetrically to strength. 

Hamilton and Van Slyke (21) noted that determination of a-amino acids 
in trichloroacetic acid filtrates presented difficulties because of the for- 
mation of carbon dioxide from the deproteinizing agent. We found that, 
if such a filtrate promptly was acidified to 0.2 nN with hydrochloric acid and 
extracted painstakingly four times with equal volumes of ether, freshly 
rendered peroxide-free, and then brought to dryness in vacuo below room 
temperature, the a-amino nitrogen was brought to a minimum value quite 
similar to that found in the tungstic acid filtrate (Table III). The resultant 
material was hydrolyzed as described above. In most cases we determined 
only the “total” concentrations of trichloroacetic acid filtrates, analyzing 
only the hydrolysates. Ultrafiltrates were prepared in the Lavietes ul- 
trafilter (33). 

Analytical M ethods—a-Amino nitrogen was determined in blood filtrates 
and in hydrolysates of them by the use of ninhydrin, according to the 
method of Hamilton and Van Slyke (21), with a citrate buffer of pH 2.5, 
and a hydrazine-containing (34) sodium hydroxide solution made up in 
25 per cent sodium chloride solution, for the primary absorption of carbon 
dioxide. The conversion factors of MacFadyen (27) were employed in the 
calculations. Analyses were performed at least in duplicate, and these 
usually differed by less than 1.5 per cent. To enhance the precision the 
aliquot portions were kept as large as possible (representing from 0.6 to 
1.5 ml. of plasma, cells, or serum). This was managed by analyzing con- 
centrates prepared from the filtrates. The probable error of the estimation 
of the bound a-amino nitrogen could thus be kept below 0.1 mg. per cent. 
Interference by urea was avoided as described by Hamilton and Van Slyke 
(21) by incubating samples with excess ninhydrin. This step was omitted 
with hydrolyzed samples which contained little urea. 

Glycine was determined by measuring the formaldehyde formed by , 
ninhydrin, as described by Alexander, Landwehr, and Seligman (35). 
Blanks were run under each set of conditions to guard against the presence 
of significant quantities of preformed formaldehyde. Alanine was de- 
termined by measuring the acetaldehyde according to Alexander and 
Seligman (36) with the modification that the reaction mixture was boiled 
30 minutes with aeration of the refluxing vapors before ninhydrin was 
added to eliminate interference by aldehydes formed without the action of 
ninhydrin. Certain manipulations introduced interference of this type. 

Rather than attempt to avoid interference by leucine by adding sulfuric 
acid in the color development at a higher temperature, as suggested by 
Alexander and Seligman, we have evaluated this interference by determin- 
ing the optical densities spectrophotometrically at both 540 and 580 mu. 
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At the latter wave-length 6.3 times as much leucine nitrogen as alanine 
nitrogen were required to produce a given density. The per cent of the 
optical density which was due to alanine nitrogen was estimated from the 
ratio of the optical densities at 540 and 580 mz. From 75 to 90 per cent of the 
color was due to alanine. With these two methods the duplicate deter- 
minations in nearly all cases differed by less than 4 per cent for glycine and 
6 per cent for alanine and added glycine and alanine could be recovered, 

Hydrolysis—Preliminary experiments indicated that 2 molecules of 
a-amino nitrogen could be recovered from glycylleucine hydrolyzed in 
4wn hydrochloric acid 24 hours at 100° in the presence of tungstic acid and 
urea, and in tungstic acid filtrates of plasma. Comparisons were made of 
a-amino nitrogen recoveries after hydrolysis of tungstie acid filtrates of 
plasma (concentrated in vacuo to about the original volume of the 
plasma) in 4 N hydrochloric acid: (a) at 100° in sealed tubes for periods from 
6 to 48 hours; (6) under the same conditions but with a nitrogen atmosphere; 
(c) at 110° im sealed tubes; (d) refluxed 24 hours on a Woods metal bath; 
and in 2N and 4wN carbon dioxide-low sodium hydroxide for 24 hours at 
100° in sealed Corning alkali-resistant glass tubes. The hydrolysates 
were adjusted to about pH 2, thymol blue being used as indicator, before 





analysis. 

From the results (Table II) the following conditions of hydrolysis were 
selected. To a concentrated blood filtrate in a test-tube was added one- 
half its volume of 12 nN hydrochloric acid. The tube was sealed in a flame 
(merely for convenience), and suspended for 24 hours in a flask of water 
boiling under a reflux condenser. The hydrolysate was taken to dryness 
in vacuo, water added, and the evaporation repeated. The hydrolysate 
then was made to volume for the various analyses. 


SUMMARY 


The plasma of young adults was found to contain from 0.1 to 2.2 mg. 
per cent (average 0.9 mg. per cent, s.p. = 0.44) of combined “non-protein” 
a-amino nitrogen, measured by the increase in a-amino nitrogen produced 
by acid hydrolysis, with in most cases little difference whether filtrates were 
prepared by tungstic acid or by 2.5 per cent trichloroacetic acid or by 
ultrafiltration. Alanine and glycine contributed to the bound amino acids 
in about the same proportion as to the free. 

Clotting of plasma produced not only small and variable increases in 
free a-amino nitrogen but larger increases (1 to 3 mg. per cent) in bound 
amino acids precipitated by tungstic acid but not by dilute trichloroacetie 
acid. This latter new fraction contained about 9 and 17 per cent of its 


a-amino nitrogen as glycine and alanine, respectively. 
The evaluation of the contribution of glutathione to the free and bound 
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of the amino acids of erythrocyte filtrates, as well as an estimation of glutathione, F 
m the was attained by determining bound glycine. By this means it was shown [ 
of the that human erythrocytes contain concentrations of free a-amino acids t 
deter- similar to those of plasma, and slightly more of combined amino acids, i 
e and excluding glutathione. fe 
ih 
vered, i 
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Tests with galacturonic acid' have shown that this compound reacts 
quantitatively with the naphthoresorcinol color reagent, much like glucu- 
ronic acid. This was to be expected. It may also be anticipated that this 
reagent will react with other 6-carbon uronic acids which may be available 
in the body for conjugation from time to time. It is for this reason that the 
use of the term “‘hexuronates”’ (instead of glicuronates) is recommended, 
whenever doubt exists as to the uronic acid available. 

Quantitative estimations of glucuronic acid in the urine of men and ani- 
mals have been found to be of value in determining the extent of the absorp- 
tion of certain types of compounds that conjugate in the body with glucu- 
ronic acid and that consequently lead to an increased urinary excretion of 
glucuronates. The determination of these compounds in blood has ap- 
parently not been attempted, except by Ratish and Bullowa (1), who 
removed proteins from whole blood and continued the analysis of the fil- 
trate essentially as outlined for urine by Maughan, Evelyn, and Browne 
(2). 

Principle of Estimation—The analytical procedure given here is a modi- 
fication of our method previously described for the estimation of glucu- 
ronates in urine (3). The method determines glucuronates (or hexuronates 
expressed as glucuronic acid) in plasma or serum without preliminary re- 
moval of proteins or glucose. The analysis is based upon (a) preliminary 
hydrolysis of the acidified sample at 75° (which makes a large amount of 
free glucuronic acid ready for immediate reaction when the color reagent 
is added); (b) addition of an excess of naphthoresorcinol (sufficient to 
react with the impurities, proteins, glucose, etc., and with glucuronic acid); 
(c) heating of the plasma-naphthoresorcinol-hydrochloric acid mixture at 
50° (in our hands, heating to higher temperatures has not only caused loss 
of glucuronic acid but also has favored the formation of other compounds 
that react with naphthoresorcinol) ; (d) extraction of the pigment with ether; 
and (e) determination of the density of the colored ether solution at wave- 
length 570 mu. 


‘The galacturonic acid was kindly supplied by the Research Department of the 
California Fruit Growers Exchange, Corona Laboratory, Corona, California. 
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Since naphthoresorcinol is used as the color reagent, the possibility cannot 
be overlooked that compounds closely related to hexuronates, and reacting 
similarly, may be reported as glucuronic acid. However, despite the non. 
specificity of this reagent, the method lays claim to a considerable degree 
of accuracy, as judged by the recovery of quantities ranging from 2 to 
100 y of glucuronic acid that were added to samples of plasma. 











MICROGRAMS OF GLUGURONIG ACID 














DENSITY 


Fic. 1. Relationship between density of color at 570 my and concentration of | 
hexuronates, expressed as glucuronic acid. 


Reagents Required- 

Hydrochloric acid (38 gm. in 100 ml.). 

Hydrochloric acid (19 gm. in 100 ml.). 

Naphthoresorcinol? (10 gm. in 100 ml. of 95 per cent ethylalcohol). This 
reagent js centrifuged or filtered and will remain stable for 5 days if kept 
cool and protected from light. 

Ether, c.P. 

Method of Analysis—0.2 ml. to 1 ml. of plasma or serum is diluted with 
water to 1.8 ml. in a glass-stoppered 50 ml. graduated cylinder, and 0.2 nl. 
of 19 per cent hydrochloric acid is added. The whole is kept for 45 minutes 





2 Purchased from B. L. Lemke, 248 West Broadway, New York, New York. 
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annot | TaBie | 
acting Recovery of Glucuronic Acid Added to Rabbit Plasma 
> non- Gincenenic Borneo! gluc u- nat 
legree “acid in ; peer on + a “a Total glucu- Volume of plasma analyzed and range over which 
93, | volume of following n sample | TOBIC acia method is expected to give satisfactory recovery 
L 2 to pom neal quant t es of ,| analyzed ean 
Plasma containing about 150 mg.% glucose 
7 Y 
5.7 2.0 Pe i 7.3 | 1.0ml.samples plasma, containing about 
9.0 2.0 11.0 10.8 150 mg. % glucose and from 0 to 40 + 
0 4.6 4.6 | 5.0 glucuronic acid 
0 4.6 4.6 4.2 
0 7.0 7.0 7.0 
0 7.0 7.0 8.0 
7a CO 8.4 15.9 14.8 | 
0 40.0 | 40.0 39.0 
4.0 | 45.0 49.0 44.0 
4.0 45.0 49.0 | 40.0 | 
3.0 71.0 74.0 | 70.0 | 
7.5 83.3 90.8 | 68.3 | 
3.0 134.0 137.0 | 126.0 | 
5.0 177.0 182.0 157.0 | 
1.0 2.0 | 3.0 4.0 | 0.5 ml. samples plasma, containing about 
1.0 2.0 3.0 2.7 | 150 mg.% glucose_and from 0 to 50 + 
2.5 4.6 aan 8.7 glucuronic acid 
2.8 9.2 12.0 12.0 
3.5 32.0 35.5 37.5 
0.7 46.4 47.1 46.4 
3.5 46.4 49.9 7.0 
2.5 65.0 7.5 56.3 
ee 2.7 92.8 95.5 76.5 
; a7 92.8 95.5 | 72.0 | 
| 0 2.0 2.0 2.6 0.2 ml. samples plasma, containing about 
0 2.0 2.0 1.5 150 mg.% glucose and from 0 to 100 y 
2.0 2.0 4.0 4.5 | glucuronic acid 
, 2.0 | 2.0 4.0 6.0 
This a 4.6 6.3 6.5 | 
kept 0.5 9.2 9.7 | 9.2 | 
5.2 31.0 36.2 | 35.0 | 
mm 62.0 63.0 63.5 
“ 0.2 62.0 62.2 55.0 | 
with 2.5 92.8 63 | 91.3 | 
2 mil. 3.7 | 92.8 | 96.5 | 92.5 
nutes 1.6 87.5 89.1 | 90.0 
08.0 
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TaBLe I—Concluded 





Borneo] glucu- | 


' 
+. | | 
Glucuronic | ronate added [Total glucu- 














votaoe of | Sapiyaent | tonic ocid|"Tonic acd | Volume of plamme gnalvend and yange over which 
plasma quantities of analyzed | ‘®°°% ered | ‘ . 
analyzed glucuronic acid P 
Plasma containing about 250 mg.% glucose 

¥ Y Y Y 

1.0 4.6 5.6 6.0 0.5 ml. samples plasma, containing about 

2.7 | 4.6 | 7.3 | 8.0 | 250 mg.% glucose and from 0 to 25 y 

2.3 | 21.8 | 24.1 | 24.6 glucuronic acid 

3.0 | 21.8 | 24.8 | 26.5 

4.2 21.8 | 26.0 21.3 

2.3 40.5 42.8 34.5 

2.5 40.5 | 43.0 30.3 

| | 

1.4 | 4.4 | 5.8 5.0 | 0.2ml. samples plasma, containing about 

1.4 | 4.6 | 6.0 5.5 | 250 mg.% glucose and from 0 to 50 y 

22 | 41.0 | 43.2 43.0 | glucuronic acid 

2.2 | 48.0 50.2 49.0 

14 | 92.8 04.2 | 86.0 

2.2 92.8 95.0 83.0 





in a water bath at 75°; 2.0 ml. of concentrated hydrochloric acid and 1.0 ml. 
of 10 per cent naphthoresorcinol are then added, and the cylinder, as well 
as a similarly prepared blank (which contains the reagents, but water 
instead of the plasma), are allowed to stand for 90 minutes in a water bath 
maintained at 50°. After cooling under the tap, each of the solutions is 
extracted in the cylinder with about 8 ml. of ether by shaking vigorously 
for about 5 seconds. After separation in two layers, an additional 5 ml. 
of ether are added to each cylinder and the upper layer is mixed by gentle 
rotation. After a third portion of the solvent has been added to each 
cylinder, sufficient to bring the total volume of ether to exactly 15 ml., the 
total ether extract is again mixed in a similar manner. Addition of the 
second and third portions of ether and letting the solutions stand for about 
3 minutes after each addition of ether will completely clear up any tur- 
bidity caused by water in the upper layer. 

Colorimetric Reading—The colored ether is now pipetted into a glass- 
stoppered flask (dried immediately before use by alcohol and ether) and is 
ready for spectrophotometric analysis, which is carried out by using 10 mm. 
matched cells, with the instrument set at the wave-length 570 mu. The 
experimental ether extract is compared with that obtained from the blank. 

Fig. 1 gives the relationship between density of color and concentration 
of glucuronic acid (or hexuronates expressed as glucuronic acid) in the 
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sample of plasma or serum analyzed. ‘The final results are expressed in mg. 
per 100 ml. of plasma or serum, respectively. (Fig. 1 was prepared by 
plotting the readings obtained when known aqueous solutions of pure 


TaBLeE II 


Distribution of Heruronates (Expressed As Glucuronic Acid) in Cells, Plasma, or 
Serum of Normal (Control) Human Subjects, Rabbits, and Rats 














| Red blood cells | Plasma Serum 
| me. per 100 ml. mg. per 100 ml. mg. per 100 mil. 
H.8 0.9 1.2 1.3 
B.R 0 0.6 0.6 
C.K 0 0.6 0.6 
M.D 0 0.5 0.6 
s. W 0 0.6 0.5 
H. 8. 0 0.4 0.4 
W.D.* 0.6 0.9 0.9 
R. C. 0.8 
EY 1.0 0.7 
C. L. 1.5 0.8 
8. W. 2.0 1.4 1.4 
Rabbit 1 0.4 1.5 
« 2 0 | 1.0 1.5 
“ 3 | 1.6 2.2 2.2 
“4 1.6 | 2.6 2.5 
“5 0.8 0.8 0.8 
“ & 1.3 2.5 
“7 1.1 1.9 
as 8 0.8 1.0 
“ 9 0 0.6 
“ 10 0.4 | 0.9 
“ 01 0 0.5 
“ 492 0.8 1.8 
Rat 1 0 0.7 
“9 0.7 | 0.8 
“ 3 0 | 0.7 
“4 0 0.8 
“ 5 0.5 1.1 
“ 6 1.0 | 1.0 
“7 | 0.5 | 1.1 








glucuronic acid or of borneol or menthyl! glucuronate* were analyzed by 
this procedure.) 


* The mentholglucuronic acid was prepared and kindly supplied by Dr. Armand 
J. Quick of Marquette University School of Medicine; the borneolglucuronic acid 
ester was purchased from the Fordomes Trading Company, Arlington, New Jersey; 
and the glucuronic acid was kindly supplied for these observations by J. R. Harrower 
of the University of Wisconsin. 
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Certain Practical Considerations—In observations not reported here, 
samples of 1.0 ml. of plasma or serum have given satisfactory results when 
routine specimens were checked for possible increases in glucuronic acid 
content. A volume of 0.2 ml. was generally adopted for analysis after 


TaBLeE III 


Distribution of Heruronates (Expressed As Glucuronic Acid) in Cells, Plasma, or 
Serum of Rabbits and Rats after One Oral Administration of Cyclohexanone 














Red blood cells Plasma Serum 
me. per 100 ml. me. per 100 mi. me. per 100 mi. 
Rabbit* 1 2.0 8.5 §.2 
me 2 2.8 31.1 28.3 
3 0.9 13.9 13.9 
4 0.9 18.9 20.0 
5 0 20.0 20.2 
6 0 7.5 8.1 
7 1.0 19.3 19.8 
8 Be 17.3 16.7 
9 1.3 5.7 
10 0.7 12.0 
ll 0.2 5.3 
2 0.3 6.9 
13 0 8.0 
14 0.6 10.8 
Rat* 1 0 3.0 
. é VU 2.1 
3 0.5 2.4 
+ 1.2 7.5 
E 5 1.0 4.4 
6 1.0 4.4 
7 0 7.7 
‘ 5 0.9 7.8 
9 0 6.4 
10 0.8 6.6 
1] 0 7.0 
l2 0.4 8.2 
13 0.7 7.9 








* Each rabbit was given 2 ml. and each rat 0.4 ml. of cyclohexanone per kilo of 
body weight. Blood samples were drawn about 2} hours after medication. 


compounds known to induce an increase of glucuronic acid in the blood 
had been administered to experimental animals. 

Running a blank and comparison of the experimental ether extract with 
that obtained from a blank will tend to eliminate errors introduced by 
variations in the purity of naphthoresorcinol. This modification was 
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! 
deemed essential because of the much smaller quantities of glucuronic acid 
encountered in specimens of plasma than in those of urine. 

The ether extract (after removal from the hydrochloric acid solution) is 
stable for about 1 hour if protected from direct sunlight. 

Hemolysis, if present, will interfere and give false high values. A con- 
stituent of the red blood cell reacts with the naphthoresorcinol-hydro- 
chloric acid mixture and forms a brown ether-soluble pigment. 

3 days standing at 5° or at 25° did not induce loss of hexuronates in 
samples of plasma obtained from rabbits given cyclohexanol. 


TaBie IV 
Hexuronates (Expressed As Glucuronic Acid) in Plasma and Urine of Rabbits after 
One Oral Dose of Cyclohexanone or 2-Methyl-2, 4-pentanediol 





Rabbit D 3364, dose |Rabbit D 3363,t dose 


Rabbit D 3363,* dose 0.8 : ° 
|Rabbit D 3904,° dose 1.0 1.6 ml. per kilo cyclo- |3.0 ml. per kilo cyclo- 


Hrs. after | ml. per kilo cyclohexa- 














oral admini- =ane ml. per kilo pentanediol | hamenine hesneene 
stration of | 
compound 
Plasma | Urine Plasma | Urine Plasma | Urine | Plasma Urine 
| 
me. per 100 \mg. per total! mg. per 100 hae. per total| mg. per 1001 me img. per 100 e- 
} mil. tolume mi. volume mi. } odieee mi. osheunns 
1 7 150 9 | 17 | 20 | 75 | 22 240 
2 15 290 14 75 39 127 33 330 
3 11 80 moi wi 8S 265 | 42 | 500 
+ 5 65 34 267 67 365 43 550 
5 | 65 60 26 84 | 345 43 | 660 
6 4 40 27 98 | 300 31 340 
7 | 3 45 19 120 400 | 15 410 
8 20 
12 2 20 91 
14 1 10 | 
24 1 20 1 | 5 | 1740 3 | 290 
| 
Total excreted 780 S47 3617 3320 
* Survived. 
t Died 26 hours after oral administration. 
EXPERIMENTAL 


Table I summarizes the recovery of glucuronic acid added to plasma. 
(The concentration of glucose in these samples of plasma was increased to a 
level of approximately 150 or 250 mg. per cent, respectively.) The lati- 
tudes over which the method is expected to give dependable results are 
indicated. Over these specific ranges the recoveries of glucuronic acid 
have been satisfactory in the presence of proteins and elevated concentra- 
tions of glucose. Table II gives the distribution of hexuronates (expressed 
as glucuronic acid) in red blood cells and in plasma or serum of blood 
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obtained from healthy (untreated) experimental subjects, rabbits, and rats, 
(The cells were washed three times with 0.9 per cent aqueous sodium chlo- 
ride, subsequently hemolyzed with water, and the proteins precipitated 
with 10 per cent aqueous sodium tungstate and ? wn sulfuric acid. The 
filtrate analyzed was equivalent to about 0.2 ml. of cells.) The figures 
show that, with a few isolated exceptions, hexuronic acids are normally 
present primarily in the fluid part of blood. Table III summarizes similar 
data after oral administration of cyclohexanone. Interestingly enough, 
increases in glucuronic acid values were found only in plasma or serum 
Table IV summarizes data on the concentration of hexuronates (expressed 
as glucuronic acid) in the plasma of rabbits and the quantities excreted in 
the urine of these animals after administration of cyclohexanone and 2- 
methyl-2 ,4-pentanediol. The figures indicate that estimations of glucu- 
ronic acid in either plasma or urine lend themselves for study of the rate 
of absorption or the metabolism of a compound that conjugates in the body 
with a uronic acid. 


SUMMARY 


1. A photoelectric procedure is presented for the estimation of hexuron- 
ates expressed as glucuronic acid in plasma or serum without preliminary 
removal of ordinarily interfering compounds (proteins, glucose, etc.). The 
principle employed is similar to that utilized for the estimation of glucu- 
ronic acid in urine, which was reported earlier. 

2. The greater portion of the hexuronates normally found in blood is 
present in the plasma or serum. Values found for untreated experimental 
subjects, rabbits, and rats, in terms of glucuronic acid, ranged from 0.4 to 
2.5 mg. per 100 ml. of plasma. 

3. Analysis of plasma or serum is recommended for the study of the 
rate of absorption or the metabolism of a compound that conjugates in the 
body with a hexuronic acid. The administration of cyclohexanone or 2- 
methyl-2 ,4-pentanediol to rabbits or rats induced no change in glucuronic 
acid values in the cellular fraction of blood, while increases of hexuronates 
in plasma were significant (up to 120 mg. of glucuronic acid per 100 ml.) 
and in direct relation to the quantities of hexuronates excreted in the urine. 
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THE THIOUREA ANALOGUE OF DESTHIOBIOTIN 


By GEORGE BOSWORTH BROWN anv VINCENT pu VIGNEAUD 


(From the Department of Biochemistry, Cornell University Medical College, 
New York City) 


(Received for publication, March 8, 1946) 


Desthiobiotin (I), in which the tetrahydrothiophene 
O 
l 


C 
yams 
HN NH 


| 
CH,;—CH——CH—(CH:);—COOH 
(I) 


ring of biotin has been cleaved by removal of the sulfur but in which the 
imidazolidone ring remains unaltered, possesses approximately the same 
yeast growth-promoting activity as biotin (1). It also shows a strong 
antibiotin activity with Lactobacillus casei (2,3). Various compounds have 
been prepared in which the carbon skeleton of desthiobiotin is altered but 
in which the imidazolidone ring is not changed. Certain of these compounds 
are definite antibiotins (4, 5). 

As a step toward ascertaining the effect of alteration of the imidazolidone 
portion of the molecule while retaining the carbon skeleton of desthiobiotin, 
we have prepared the thiourea analogue of desthiobiotin (II). 


s 
C 
HN NH 


| 
(II) 


This analogue, 5-methyl-2-thiono-4-imidazolidinecaproic acid, was prepared 
from ethy] ¢, n-diaminopelargonate by the action of carbon disulfide followed 
by heating to form the thiourea. The synthetic product was a mixture of 
the diastereoisomers. ‘The separation of one of the optically inactive di- 
astereoisomers from the initial mixture was accomplished by the fractiona- 
tion of the morpholine salts. Smaller amounts of this same isomer were 
obtained by repeated recrystallization of the free acids from water. 
761 
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Assay of samples of the mixed isomers showed a stimulation of the growth 
of Saccharomyces cerevisiae (6, 7), which is equivalent to an activity of 0.1 
to 0.2 per cent of that of biotin or of desthiobiotin. The purified isomer had 
an activity of 0.06 per cent that of desthiobiotin. This growth-promoting 
activity was inhibited by amounts of avidin equivalent to the thiourea 
analogue, showing that the avidin-combining power of the molecule has not 
been destroyed by the substitution of the thiourea for the urea moiety. 

The thiourea analogue of desthiobiotin was also tested for inhibition of 
the growth of Lactobacillus casei by the procedure described (8). It was 
found to inhibit this organism, and this inhibition could be prevented by the 
addition of biotin. The molar inhibition ratio (4) was determined with an 
incubation period of 40 hours. For the mixed isomers of the thiourea 
analogue of desthiobiotin the molar inhibition ratio was found to be ap- 
proximately 600,000 and for the purified isomer 450,000. Since the ratio 
for desthiobiotin with Lactobacillus casei is 9100, the values represent 1.5 
and 2.0 per cent of the antibiotin activity of desthiobiotin for this organism. 

It is conceivable that a trace of desthiobiotin, resulting from the hydro- 
lytic removal of the sulfur from the thiourea grouping, could partially 
account for the activity. The fact that the isomer obtained by the repeated 
recrystallizations from hot water possessed approximately the same activity 
as the initial mixture of isomers indicates at the least that such a hydrolysis 
does not proceed readily. In addition, the biotin and antibiotin activities 
of the thiourea analogue do not represent the same proportions of the 
corresponding activities of desthiobiotin, and it is more than probable that 
the antibiotin activity is an intrinsic activity of the molecule. 

In order to show that the samples of the synthetic diaminopelargonic 
acid from which the thiourea analogue of desthiobiotin was prepared con- 
tained appreciable amounts of the isomer corresponding to the natural 
desthiobiotin and biotin, the synthesis of desthiobiotin was carried out. 
With conditions similar to those used for the resynthesis of natural desthio- 
biotin from natural diaminopelargonic acid (9), an analytically pure sample 
of the mixed isomers was obtained in 50 per cent yield. The product 
possessed a growth-promoting activity for Saccharomyces cerevisiae of 25 
per cent that of biotin. It was similar to the mixture prepared by the 
method of Wood and du Vigneaud (10) and is undoubtedly a mixture of 
dl-desthiobiotin (11, 12) and dl-desthioallobiotin (12). 


EXPERIMENTAL 


Ethyl n -Oxopelargonate—The alkylation of 104 gm. of ethyl acetoacetate 
with 176 gm. of ethyl «bromocaproate (13) was carried out as described 
(14). The product was saponified in cold 5 per cent aqueous NaOH rather 
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than in diethylene glycol solution, as previously described. The crude 
ester, after distillation of the ethanol, was added to 1400 ec. of cold 5 per 
cent NaOH and the mixture was stirred vigorously. After 15 hours the 
alkali-insoluble material was separated. The solution was acidified with 
45 ec. of concentrated H.SO,, stirred for 2 hours, and heated on the steam 
cone for an additional 2 hours. The solution was extracted three times 
with ether and the extracts were concentrated. 

The 180 gm. of crude n-oxopelargonic acid were esterified by refluxing for 
4 hours with 600 cc. of ethanol and 30 cc. of concentrated H.SO,. The 
solution was concentrated, washed with water, and distilled, yielding 108 
gm., boiling at 113-115° at 2 mm., and representing 68 per cent of the 
theoretical yield. 

The 2,4-dinitrophenylhydrazone was prepared. It was recrystallized 
from 90 per cent ethanol and melted at 94—95°." 


CivHaOegN, (380.4). Calculated, N 14.74; found, 14.73 


Ethyl ¢ ,n-Diaminopelargonate—20 gm. portions of the keto ester were 
converted to the dioximino ester by the procedure described (14). After 
two recrystallizations from methanol-water, the crude mixture of isomeric 
dioximes was obtained in 50 to 75 per cent yield. These samples melted 
in the range of 90-105° and several more recrystallizations, entailing losses 
of 50 per cent or more, were required to obtain the material melting at 
107-108°. 

The reduction (14) to the ethyl diaminopelargonate was carried out on 
107-108° samples and on lower melting samples of the dioximino ester. 
Samples of the crystalline ethyl {, 7-diaminopelargonate sulfate prepared 
from either reduction product were identical. The reduction of the lower 
melting mixture of isomeric dioximes is markedly advantageous from the 
standpoint of over-all yield. 

Preparation of Thiourea Analogue of Desthiobiotin (5-Methyl-2-thiono-4- 
imidazolidinecaproic Acid—The 7 gm. of ethyl ¢,»-diaminopelargonate 
obtained by the reduction of 8 gm. of the dioximino ester were dried over 
phosphorus pentoxide to remove the last traces of ammonia. It was then 
dissolved in 25 cc. of methanol, and 25 cc. of carbon disulfide were added. 
The first few drops caused some evolution of heat and the formation of a 
slight precipitate. The solution was warmed to 45-50° and the excess 
carbon disulfide distilled.. The evolution of HS began and continued 
slowly for 8 hours. At that time 50 cc. of 50 per cent methanol were aglded 
and the heating was continued to expel the HS completely. The solution 
was cooled, 10 cc. of 5 N NaOH were added, and the saponification of the 


1 Melting points were determined on a micro melting point appfratus. 
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ester was allowed to proceed at room temperature overnight. The solution 
was filtered after the addition of Darco. It was acidified, heated to boiling 
with Darco, and again filtered. The product which crystallized upon 
cooling at 5° was recrystallized from 200 cc. of 15 per cent methanol. It 
amounted to 4.0 gm., representing 53 per cent of the theoretical yield. 
This mixture of isomers melted at 115-128°. After a second recrystalliza- 
tion, a sample was obtained which melted at 122—-128° and possessed the 
following composition. 


C,oH,,0:N38. Calculated. N 12.16, S 13.92 
230.2 Found. ** 12.33, “* 13.80 


A product of the same melting point was obtained from ethyl! diamino- 
pelargonate, which had been regenerated from the crystalline sulfate. 

The mixed diastereoisomers of the thiourea analogue of desthiobiotin 
were fractionated by a series of eight to ten recrystallizations from 30 to 40 
volumes of hot water. About 10 per cent of the sample was obtained as a 
product, melting sharply at 147-148°. 


CyoH,,0:N38. Calculated. N 12.16, Ss 13.92 
230.2 Found. ** 12.14, “ 14.10, neutral equivalent 232 


The mother liquors from these recrystallizations yielded fractions melting 
from 120—140°. 

Fractionation of Morpholine Salts of Thiourea Analogue of Desthiobiotin 
—To 1.27 gm. of the product, m.p. 115-128°, in 15cc. of methanol was added 
0.5 gm. of morpholine. After the addition of 50 cc. of ether the salt crystal- 
jized in quantitative yield. It melted at 125-131°, and, without recrystal- 
jization, it possessed the following composition. 


CuH2703N;38 (317.3). Calculated, N 13.24; found, 12.82 


To 1.3 gm. of this product in 100 cc. of hot ethyl acetate were slowly 
added 12 cc. of ethanol, until complete solution was obtained. Upon 
cooling the solution, 0.87 gm. of crystalline salt, m.p. 110-116°, was 
obtained. After two more such recrystallizations from 50 cc. portions of 
ethanol-ethylacetate (1:4), followed by one from 10 cc. of alcohol, 0.60 gm. 
of salt melting at 126-128° was obtained. Admixture with the unrecrystal- 
lized salt lowered the melting point. 


CyH270;3N38. Calculated. N 13.24, S$ 10.10 
. 317.3 Found. 13.38, ‘* 10.34 


’ 
When 400 mg. of this salt were dissolved in 6 cc. of water and HCI was 
added, the freegcid crystallized. It melted at 144-147° and, after recrystal- 
lization from 7 cc. of hot water, 200 mg., melting at 147—148°, were obtained. 
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Admixture with the sample obtained through the fractional crystallization 
from water caused no depression of the melting point. 

’ The residues from the mother liquors of the recrystallizations of the 
morpholine salt possessed melting points between 95-117° and no pure 
second isomer was obtained. 

Desthiobiotin—To 130 ec. of 10 per cent NasCO; was added 1 gm. of 
ethyl ¢,7-diaminopelargonate sulfate and the solution was heated to 90° 
for a few minutes to saponify the ester. The solution was then maintained 
at 25° and was treated with phosgene until it became acid to Congo red. 
The solution was then concentrated to dryness in vacuo. The residue was 
taken up in 75 cc. of water and a small amount of material, insoluble in 
water and in ether, was discarded. The aqueous solution was extracted 
continuously with ether for 16 hours and the ether was then evaporated, 
leaving 550 mg. of crystalline residue. The latter was dissolved in a small 
amount of methanol and water. After the solution was treated with 
Darco and filtered, it was concentrated to dryness. The residue was 
recrystallized from 10 cc. of water. The first crop, crystallizing rapidly at 
room temperature, amounted to 50 mg. and melted at 146-155°. It pos- 
sessed a low biological activity and was not further investigated. The 
main fraction crystallized upon cooling at 5°. It amounted to 340 mg., 
representing 50 per cent of the theoretical yield. Assay with Saccharomyces 
cerevisiae showed a growth-promoting activity which was 25 per cent that 
of biotin. It melted at 132—134°, which corresponds to the melting point 
of the product of similar activity reported by Wood and du Vigneaud (10). 
There was a trace of material present which melted at approximately 142°. 
The product possessed the following composition. 


CyoH1s0;N2 (214.3). Calculated, N 13.08; found, 12.87 


An additional 80 mg. were obtained upon concentration of the mother 
liquors. 


SUMMARY 


To investigate the effect of an alteration of the imidazolidone moiety of 
desthiobiotin, the synthesis of the thiourea analogue has been carried out. 
In contrast to desthiobiotin this thiourea analogue possesses very slight 
growth-promoting activity toward yeast. This activity is completely 
inhibited by avidin. Toward Lactobacillus casei, the thiourea analogue 
evidences a low antibiotin activity in comparison with that of desthiobiotin. 


The authors wish to thank Dr. Karl Dittmer and Miss Martha Fuchs for 
the microbiological assays and Dr. J. R. Rachele and Mr. Roscoe C. Funk, 
Jr., for the microanalyses carried out in connection with this work. 
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STREPTOCOCCAL FIBRINOLYSIN 


O1rs: 


It is well known that an exotoxin from the broth cultures of certain 
strains of S-hemolytic streptococci produces solution of a fibrin clot in 
plasma.!:?, The chemistry of its isolation is not complete and many prop- 
erties must still be determined. A convenient, simple method is presented 
for the concentration of streptococcal fibrinolysin as also is an assay tech- 
nique that has been found quite suitable. 

Culture of 8-hemolytic streptococci, American Type Culture Collection 
strain 6011, was made on blood agar slants. A broth inoculum was made 
by transfer from the blood agar slant to 10 ml. of the broth recommended 
by Christensen.’ This was incubated at 37° for 24 hours. Inoculation 
was made at the rate of 1 ml. of seed per 500 ml. quantities of broth. 

After 24 hours incubation at 37°, 8 liters of broth were sterilized by filtra- 
tion through a Mandler filter, 10 gm. of norit SG-11 per liter were added, 
and adjustment to pH 5.5 made with n HCl. 

The norit was collected by centrifugation in the angle head International 
centrifuge at 5000 r.p.m. for 10 minutes. The streptococeal fibrinolysin 
was eluted three times by suspending the norit in 300 ml. of 0.1 m phosphate 
buffer, pH 7.3.2. The eluate was separated from the norit by centrifuga- 
tion as above. The combined eluate, 900 ml., was filtered through a Seitz 
filter with a Fisher EK pad. The filtrate was dialyzed for 3 hours in 
Visking No Jax 29/32 casings against frequent changes of cold distilled 
water. Dialysis was considered complete when no test for phosphate could 
be obtained in the formerly buffered eluate. The solution of streptococcal 
fibrinolysin was concentrated to 200 to 250 ml. in a vacuum still at 32-35° 
and then lyophilized. Final drying of the solids was accomplished in a 
vacuum desiccator over phosphorus pentoxide. 

These streptococcal fibrinolysin preparations were a very light tan 
powder, non-hygroscopic, and stable for at least 1 year in this state. The 
solubility curves showed two definite components with a possible third 
compound of very limited solubility. Streptococcal fibrinolysin is soluble 

' Tillett, W. S., and Garner, R. L., J. Exp. Med., 68, 485 11933). Tillett, W. S., 
Bact. Rev., 2, 161 (1938). Christensen, L. R., J. Gen. Physiol., 28, 363 (1945 

? Garner, R.L., and Tillett, W.S., J. Exp. Med., 60, 239 (1934). 

* Christensen, L. R., J. Infect. Dis., 66, 278 (1940). 
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in ammonium sulfate solutions up to at least 65 per cent concentration 
of this salt. It is soluble at pH 5.5. 


Assay of Streptococcal Fibrinolysin 307 
For this experiment 8 liters of sterile broth culture were divided equally and 
worked simultaneously. 


Norit SG-11 








Al(OH): B 
Material assayed a ee ee . e 4 
Lysis time 
Broth 8 hrs. 8 hrs. 
Supernatant broth after adsorp- No lysis in 24 hrs. No lysis in 24 hrs. 
tion 
PO, eluate 4 hrs. | >16 hrs. 
Dialysate 230 min. a 
Lyophilized (1 mg. sample) 84 “ 142 min. 





Assay was accomplished by adding 0.2 ml. of a solution of streptococcal 
fibrinolysin to 0.1 ml. of 100 unit thrombin and adding 0.3 ml. of plasma 
containing 300 mg. per cent of fibrinogen. The table shows the assays 
of norit-prepared material as well as assays of streptococcal fibrinolysin 
adsorbed on Willstatter’s polyaluminum hydroxide B.* 4 


Research Laboratories EuGENE C. Loomis 
Parke, Davis and Company RosBeEert M. Smita 
Detroit 


Received for publication, May 10, 1946 





‘ Willstatter, R., Ber. chem. Ges., 67, 1082 (1924). 
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A HEAT-LABILE STIMULATORY FACTOR FOR 
STREPTOCOCCUS FAECALIS R 


Sirs: 

We have previously described! a new, labile factor present in liver and 
milk which is necessary for the maintenance of normal weight and blood in 
the monkey. Since routine assays for this factor with the monkey are 
long and tedious, attempts were made to determine whether similar sub- 
stances might stimulate growth of bacteria. Preliminary trials with a 
number of organisms revealed the presence of a heat-labile substance in 
raw liver and raw milk which stimulated growth of Streptococcus faecalis 
R on a “complete” purified medium. This medium contained, per tube, 
hydrolyzed casein 50 mg., /-cystine 2 mg., glucose 200 mg., sodium acetate 
200 mg., tryptophane 500 y, adenine 100 y, guanine 100 y, uracil 100 y, 
pyridoxine 20 y, niacin 5 y, riboflavin 2 y, calcium pantothenate 1 y, 
thiamine 1 y, p-aminobenzoic acid 1 y, folic acid 0.05 +, biotin 0.004 y, 
Salts A? 0.05 cc., Salts B* 0.05 cc., and a tryptic casein digest (to supply 
strepogenin‘') 6 mg. 

The basal medium and appropriate amounts of distilled water were added 
to test-tubes which were then autoclaved at 15 pounds pressure for 15 min- 
utes. The liver and whey. preparations were filtered through a sterile 
Seitz filter and added aseptically to the tubes to make a total volume 
of 10 ce. 

Cells from an 8 to 12 hour-old culture of S. faecalis R in 10 cc. of an 
enriched basal medium were centrifuged and resuspended in 100 cc. of 
sterile saline. 1 drop of this suspension was added to each tube. The 
tubes were incubated for 12 hours at 37° and comparative turbidities deter- 
mined with an Evelyn colorimeter and Filter 660 with the test-tube holder 
in the colorimeter set for 6 cc. 

Addition of very dilute preparations of raw liver or raw whey produced 
significantly more growth than was obtained in the tubes containing only 
the basal medium (see the table). When the liver or whey supplement was 
autoclaved for 15 minutes at 15 pounds pressure, very little or no stimula- 
tion of growth occurred, indicating the heat lability of this factor. 


' Cooperman, J. M., Waisman, H. A., McCall, K. B., and Elvehjem, C. A., J. Nutr., 
30, 45 (1945). Cooperman, J. M., McCall, K. B., and Elvehjem, C. A., Science, 102, 
645°(1945). Cooperman, J. M., Ruegamer, W. R., and Elvehjem, C. A., Proc. Soe. 
Exp. Biol. and Med., in press. 

? Salts A contains KH,PO, 5 gm., K, HPO, 5 gm., and H,O 50 ce. 

*Salts B contains MgSO,-7H.O 10 gm., NaCl 0.5 gm., FeSO,-7H,0 0.5 gm., 
MnS0O,-H,0 0.5 gm., H,O 250 ee. 

* Sprince, H., and Woolley, D. W., J. Exp. Med., 80, 213 (1944). 
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Maximum growth was obtained when a filtered water extract of 5 mg, 
of raw liver or 1 ce. of filtered raw whey was added to each tube. 

The addition of glutamine, ascorbic acid, thioglycolic acid, or pyridox- 
amine to tubes containing either the basal medium or the basal medium 
plus autoclaved liver failed to give any stimulatory effect. 





Galvanometer readings 








Supplement to 10 cc. basal medium ae 
Filtered (unheated Samples autoclaved 
samples 15 min. 
None 70 70 
Extract from 1 mg. raw liver.... Speer 59 70 
“4 La = ae r es 47 70 
3 at a a titadend me 38 66 
taw whey, 0.02 cc. pb icieeneuit nia 56 70 
ss ~ Oe seeks : 50 68 
Ps 5 eae Oo oi 38 62 
Glutamine, 5-500 y 70 
Ascorbic acid, 5-500 y 70 
Pyridoxamine, 5-500 y 70 
70 


Thioglvcolic acid, 5-500 7 





The bacterial factor and the monkey factor show similar lability and 
distribution in liver and milk products. Much further work will be re- 


quired to determine whether the two substances are identical. 


Jack M, CooPpERMAN 
W. R. RvEGAMER 
Esmonp E. SNELL 

C. A. ELVEHJEM 


Department of Biochemistry 
College of Agriculture 
University of Wisconsin 


Vad son 
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THE DIFFERENTIAL EFFECT OF BIOTIN SULFONE AND 
y-(3 4-4 UREYLENECYCLOHEXYL)BUTYRIC ACID UPON 
THE MICROBIOLOGICAL ACTIVITY OF BIOTIN 
AND OXYBIOTIN* 


S irs + 


The antibiotin activities of biotin sulfone’ and y-(3,4-ureylenecyclo- 
hexyl)butyric acid* have been reported. The present experiments demon- 
strate that for Lactobacillus arabinosus* the inhibitory action of these com- 
pounds toward dl-oxybiotin‘ is much more pronounced than toward d-biotin. 


-BIOTIN 
-BIOTIN+ 800 my (S 
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3 0-4 
z @-4 
-4-BIOTIN+ 70 v 

© 20 ; ilies 
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MILLIMICROGRAMS GROWTH FACTOR 
Fic.1. The differential effect of biotin sulfone (S) and y-(3,4-ureylenecyclohexy])- 
butyric acid (U) upon the microbiological activity of biotin and oxybiotin. 


Neither the sulfone nor the ureylene compound had any growth-pro- 
moting activity. 

The effects of biotin sulfone (200 to 1200 millimicrograms per tube) 
upon growth resulting from varying levels of d-biotin (0.1 to 1.0 millimicro- 


* This work was aided by a grant from the Research Corporation, New York. 
We wish to thank Dr. Karl Folkers of Merck and Company, Inc., for the biotin, and 
Dr. J. P. English of the American Cyanamid Company for the y-(3,4-ureylenecyclo- 
hexyl) butyric acid. 

1 Dittmer, K., and du Vigneaud, V., Science, 100, 129 (1944). 

? English, J. P., Clapp, R. C., Cole, Q. P., Halverstadt, I. F., Lampen, J. O., and 
Roblin, R. O., Jr., J. Am. Chem. Soc., 67, 295 (1945). 

* Wright, L. D., and Skeggs, H. R., Proc. Soc. Exp. Biol. and Med., 56, 95 (1944). 
The basa] medium was modified by the addition of 0.5 gm. of sodium citrate and 0.1 
gm. of l-asparagine per liter. 

‘ Pilgrim, F. J., Axelrod, A. E., Winnick, T., and Hofmann, K., Science, 102, 35 
(1945). 
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gram per tube) or dl-oxybiotin (0.2 to 2.0 millimicrograms per tube) 
were first determined with an incubation period of 72 hours. Under these 
conditions, biotin sulfone was considerably more effective as an antagonist 
for oxybiotin than for biotin. The most marked differential inhibition 
was observed at a level of 800 millimicrograms of biotin sulfone per tube. 
This level completely inhibited oxybiotin activity, while growth due to 
biotin was virtually unaffected (Fig. 1). Considerably higher sulfone levels 
had to be used in order to prevent growth due to biotin. 

The inhibitory effect of biotin sulfone upon both biotin and oxybiotin 
was more pronounced at an incubation period of only 48 hours. With this 
shorter incubation, a marked differential inhibitory effect was noted at a 
level of 200 millimicrograms of biotin sulfone per tube. 

A similar differential inhibition was observed with y-(3 ,4-ureylenecyclo- 
hexyl)butyric acid. Levels of this compound ranging from 40 to 200 
7 per tube were employed in the presence of d-biotin (0.1 to 1.0 millimicro- 
gram per tube) or dl-oxybiotin (0.2 to 2.0 millimicrograms per tube). 
At incubation periods of 72 and 48 hours, the most marked differential 
inhibition was noted with 70 y (Fig. 1) and 40 y of the antagonist per tube, 
respectively. The inhibitory effect of the sulfone and the ureylene deriva- 
tive upon dl-oxybiotin could be reversed by increasing amounts of the 
oxygen analogue. 

It would seem possible to utilize the observed differences in sensitivity 
of biotin and oxybiotin toward biotin sulfone and y-(3 ,4-ureylenecyclo- 
hexyl)butyric acid as the basis for a differential assay. 


Institute of Pathology, Western Pennsylvania Hospital, A. E. AXELROD 
and the Department of Chemistry, University of Pittsburgh JEAN DeWoopy 
Pitisburgh K.iavus Hormann 
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THE OCCURRENCE OF A “PELLAGRAGENIC” AGENT 
IN CORN 


Sirs: 

The time honored association of the occurrence of pellagra with the eating 
of corn is not, as Aykroyd and Swaminathan! have shown, due entirely to 
deficiency of nicotinic acid in this grain. Krehl et al.? have shown that 
corn exerts a growth-inhibiting action on rats receiving a ration low in 
tryptophane, and that nicotinic acid causes restoration of normal gains. 


Response of Mice to Corn Fractions 











Addition to basal ration No. of animals | Average gain 

oy gm. per wh 
1. None 37 3.1° 
2. Nicotinamide, 0.2% 14 2.7 
3. CHCl; + NaOH extract of corn 200 14 1.2 
100 4 0.5t 
50 4 1.8 
4. (3) + nicotinamide 200 11 3.0 
5. Dilute HzSO, extract of CHCI; extract 200 .. 4.0 
6. Acid residue of (3) 200 5 mm * 











*The mice used in these experiments were a smaller breed than those used in 
previous work from this laboratory. 

+t Decrease in potency with more than 100 equivalent per cent of (3) was probably 
due to traces of nicotinamide. Removal of this by shaking (3) with water resulted 
in increased potency. 


These authors have explained their observations on the basis of amino 
acid imbalances’ and of the effect of corn on intestinal bacteria. On the 
other hand, as a result of experiments on the induction of nicotinic acid 
deficiency with 3-acetylpyridine,t Woolley has postulated that the pel- 
lagragenic action of corn may be due to a specific substance, possibly an 
analogue of nicotinic acid.’ Attempts have therefore been made to demon- 
strate a substance in corn which would cause a pellagra-like disease pre- 
ventable by nicotinic acid. The presence of such a pellagragenic substance 


1 Aykroyd, W. R., and Swaminathan, M., Indian J. Med. Res., 27, 667 (1940). 

* Krehl, W. A., Tepley, L. J., and Elvehjem, C. A., Science, 101, 283 (1945). 

* Krehl, W. A., Sarma, P. S., Tepley, L. J., and Elvehjem, C. A., J. Nutr., 31, 85 
(1946) . 

* Woolley, D. W., J. Biol. Chem., 167, 455 (1945). 

5 Woolley, D. W., J. Biol. Chem., 162, 179 (1946). 
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has been demonstrated and considerable concentration of it has been 
achieved. The basal diet for this purpose was composed of sucrose 85, 
casein 9, cystine 0.2, salts® 5, fortified corn oil’ 1, and adequate water- 
soluble vitamins except nicotinic acid.’ Although the addition of corn to } 
this ration did not result in poor growth in mice as it did in rats, a chloro- 
form and sodium hydroxide extract of the grain markedly reduced the 
growth rate. In addition, such an extract caused many of the animals to 
develop mild diarrhea, and considerable reddening of the skin and tongue, 
These signs were similar to those seen in pellagra and were preventable or 
curable with nicotinamide (0.2 per cent of the ration). Commercial crude 
corn oil in contrast to the alkaline chloroform extract was not deleterious. 
The disease-producing agent appeared to be a weakly basic water-soluble 
compound, since it was extractable from chloroform by dilute H250O,4, and 
remained in aqueous solution when the sulfate was removed with barium 
hydroxide. Whether or not it is a pyridine derivative cannot be estab- 
lished until the pure material has been isolated. By appropriate solvent 
extractions an ether- and water-soluble fraction has been prepared which 
caused maximal inhibition of growth of mice under our conditions when 
fed at a level of 1 mg. per 100 gm. of ration (100,000-fold concentration of 


activity 


Laboratories of The Rockefeller Institute for Medical Research D. W. Wootter! 


Received for publication, May 16, 1946 
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¢ Phillips, P. H., and Hart, E. B., J. Biol. Chem., 109, 657 (1935). 
\V lev. D W - B Chen , 143, 679 1942). 
® With the technical assistance of A. Holloway and R. A. Brown. 
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